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ABSTRACT 

Engineered CRISPR-Cas'9 nucleases with altered and 
improved PAM specificities and their use in genomic engi 
neering, epigenomic engineering, and genome targeting. 
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ENGINEERED CRISPR-CAS9 NUCLEASES 
WITH ALTERED PAMI SPECIFICITY 

CLAIM OF PRIORITY 

0001. This application is a continuation application of 
U.S. patent application Ser. No. 15/060,448, filed Mar. 3, 
2016, which claims the benefit of U.S. Provisional Patent 
Application Ser. No. 62/127,634, filed on Mar. 3, 2015: 
62/165,517, filed on May 22, 2015; 62/239,737, filed on Oct. 
9, 2015; and 62/258,402, filed on Nov. 20, 2015. The entire 
contents of the foregoing are hereby incorporated by refer 
CCC. 

FEDERALLY SPONSORED RESEARCH OR 
DEVELOPMENT 

0002 This invention was made with Government support 
under Grant Nos. DP1 GM105378, NIH R01 GM 107427, 
and R01 GMO88040 awarded by the National Institutes of 
Health. The Government has certain rights in the invention. 

TECHNICAL FIELD 

0003. The invention relates, at least in part, to engineered 
Clustered Regularly Interspaced Short Palindromic Repeats 
(CRISPRs)/CRISPR-associated protein 9 (Cas9) nucleases 
with altered and improved Protospacer Adjacent Motif 
(PAM) specificities and their use in genomic engineering, 
epigenomic engineering, and genome targeting. 

SEQUENCE LISTING 
0004 The instant application contains a Sequence Listing 
which has been submitted electronically in ASCII format 
and is hereby incorporated by reference in its entirety. Said 
ASCII copy, created on Jul. 12, 2016, is named 29539 
0163003 SL.txt and is 925,050 bytes in size. 

BACKGROUND 

0005 CRISPR-Cas'9 nucleases enable efficient, customi 
Zable genome editing in a wide variety of organisms and cell 
types (Sander & Joung, Nat Biotechnol 32, 347-355 (2014): 
Hsu et al., Cell 157, 1262-1278 (2014); Doudna & Char 
pentier, Science 346, 1258096 (2014); Barrangou & May, 
Expert Opin Biol Ther 15, 311-314 (2015)). Target site 
recognition by Cas9 is directed by two short RNAs known 
as the crRNA and tracrRNA (Deltcheva et al., Nature 471, 
602-607 (2011); Jinek et al., Science 337, 816-821 (2012)), 
which can be fused into a chimeric single guide RNA 
(sgRNA) (Jineket al., Science 337,816-821 (2012); Jineket 
al., Elife 2, e00471 (2013); Mali et al., Science 339, 823-826 
(2013); Cong et al., Science 339, 819-823 (2013)). The 5' 
end of the sgRNA (derived from the crRNA) can base pair 
with the target DNA site, thereby permitting straightforward 
re-programming of site-specific cleavage by the Cas9/ 
sgRNA complex (Jinek et al., Science 337, 816-821 (2012)). 
However, Cas9 must also recognize a specific protospacer 
adjacent motif (PAM) that lies proximal to the DNA that 
base pairs with the sgRNA (Mojica et al., Microbiology 155, 
733-740 (2009); Shah et al., RNA Biol 10,891-899 (2013): 
Jinek et al., Science 337, 816-821 (2012); Sapranauskas et 
al, Nucleic Acids Res 39,9275-9282 (2011); Horvath et al., 
J Bacteriol 190, 1401-1412 (2008)), a requirement that is 
needed to initiate sequence-specific recognition (Sternberg 
et al., Nature 507, 62-67 (2014)) but that can also constrain 
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the targeting range of these nucleases for genome editing. 
The broadly used Streptococcus pyogenes Cas9 (SpCas9) 
recognizes a short NGG PAM (Jinek et al., Science 337, 
816-821 (2012); Jiang et al., Nat Biotechnol 31, 233-239 
(2013)), which occurs once in every 8 bps of random DNA 
sequence. By contrast, other Cas9 orthologues characterized 
to date can recognize longer PAMs (Horvath et al., J 
Bacteriol 190, 1401-1412 (2008); Fonfara et al., Nucleic 
Acids Res 42, 2577-2590 (2014); Esvelt et al., Nat Methods 
10, 1116-1121 (2013); Ran et al., Nature 520, 186-191 
(2015); Zhang et al., Mol Cell 50, 488-503 (2013)). For 
example, Staphylococcus aureus Cas9 (SaCas9), one of 
several smaller Cas9 orthologues that are better suited for 
viral delivery (Horvath et al., J Bacteriol 190, 1401-1412 
(2008); Ran et al., Nature 520, 186-191 (2015); Zhanget al., 
Mol Cell 50, 488-503 (2013)), recognizes a longer 
NNGRRT (SEQ ID NO:46) PAM that is expected to occur 
once in every 32 bps of random DNA. Broadening the 
targeting range of Cas9 orthologues is important for various 
applications including the modification of Small genetic 
elements (e.g., transcription factor binding sites (Canver et 
al. Nature.: 527(7577): 192-7 (2015); Vierstra et al., Nat 
Methods. 12(10):927-30 (2015)) or performing allele-spe 
cific alterations by positioning sequence differences within 
the PAM (Courtney, D. G. et al. Gene Ther. 23(1):108-12 
(2015). 

SUMMARY 

0006. As described herein, the commonly used Strepto 
coccus pyogenes Cas9 (SpCas9) as well as the Staphylococ 
cus aureus Cas9 (SaCas9) were engineered to recognize 
novel PAM sequences using structural information, bacterial 
selection-based directed evolution, and combinatorial 
design. These altered PAM specificity variants enable robust 
editing of endogenous gene sites in Zebrafish and human 
cells that cannot be efficiently targeted by wild-type SpCas9 
or SaCas9. In addition, we identified and characterized 
another SpCas9 variant that exhibits improved PAM speci 
ficity in human cells, possessing reduced activity on sites 
with non-canonical NAG and NGA PAMs. Furthermore, we 
found that two smaller-size Cas9 orthologues with com 
pletely different PAM specificities, Streptococcus thermo 
philus Cas9 (St1Cas9) and Staphylococcus aureus Cas9 
(SaCas'9), function efficiently in our bacterial selection sys 
tem and in human cells, suggesting that our engineering 
strategies could be extended to Cas9s from other species. 
Our findings provide broadly useful SpCas9 and SaCas9 
variants, referred to collectively herein as “variants’ or “the 
variants'. 
0007. In a first aspect, the invention provides isolated 
Streptococcus pyogenes Cas9 (SpCas9) proteins with muta 
tions at one or more of the following positions: G1104, 
S1109, L1111, D1135, S1136, G1218, N1317, R1335, 
T1337, e.g., comprising a sequence that is at least 80% 
identical to the amino acid sequence of SEQ ID NO:1. In 
Some embodiments, the variant SpCas9 proteins comprise 
one or more of the following mutations: G1104K; S1109T; 
L1111H: D1135V: D1135E: D1135N; D1135Y; S1136N: 
G1218R: N1317K: R1335E; R1335Q; and T1337R. In some 
embodiments, the variant SpCas9 proteins comprise the 
following mutations: D1135; D1135 V/R1335Q/T1337R 
(VQR variant); D1135E/R1335Q/T1337R (EQR variant); 
D1135V/G1218/R1335Q/T1337R (VRQR variant); 
D1135N/G1218R/R1335Q/T1337R (NROR variant); 
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D1135Y/G1218R/R1335Q/T1337R (YRQR variant); 
G1104K/D1135V/G1218R/R1335Q/T1337R (KVRQR 
variant); S1109T/D1135V/G1218R/R1335Q/T1337R 
(TVRQR variant); L1111H/D1135V/G1218R/R1335Q/ 
T1337R (HVRQR variant); D1135V/51136N/G1218R/ 
R1335Q/T1337R (VNRQR variant); D1135 V/G1218R/ 
N1317K/R1335Q/T1337R (VRKQR variant); or D1135 V/ 
G1218R/R1335E/T 1337R (VRER variant). 
0008. In some embodiments, the variant SpCas9 proteins 
comprise one or more mutations that decrease nuclease 
activity selected from the group consisting of mutations at 
D10, E762, D839, H983, or D986; and at H840 or N863. 
0009. In some embodiments, the mutations are: (i) D10A 
or D10N, and (ii) H840A, H840N, or H840Y. 
0010 Also provided herein are isolated Staphylococcus 
aureus Cas9 (SaCas9) proteins with mutations at one or 
more of the following positions: E782, N968, and/or R1015, 
e.g., comprising a sequence that is at least 80% identical to 
the amino acid sequence of SEQ ID NO:2. Also provided 
herein are isolated Staphylococcus aureus Cas9 (SaCas9) 
proteins with mutations at one, two or more of the following 
positions: E735, E782, K929, N968, A1021, K1044 and/or 
R1015. In some embodiments, the variant SaCas'9 proteins 
comprise one or more of the following mutations: R1015Q. 
R1015H, E782K, N968K, E735K, K929R, A1021T, 
K1044N. In some embodiments, the variant SaCas') proteins 
comprise one or more mutations that decrease nuclease 
activity selected from the group consisting of mutations at 
D10, D556, H557, and/or N580. In some embodiments, the 
variant SaCas9 proteins comprise mutations at D10A, 
D556A, H557A, N580A, e.g., D10A/H557A and/or D10A/ 
D556A/H557A/N58OA. 

0011 SpCas9 variants described herein can include the 
amino acid sequence of SEQID NO:1, with mutations at one 
or more of the following positions: D1135, G1218. R1335, 
T1337. In some embodiments, the SpCas9 variants can 
include one or more of the following mutations: D1135V: 
D1135E: G1218R; R1335E: R1335Q; and T1337R. In some 
embodiments, the SpCas9 variants can include one of the 
following sets of mutations: D1135 V/R1335Q/T1337R 
(VQR variant); D1135 V/G1218R/R1335Q/T1337R (VRQR 
variant); D1135E/R1335Q/T1337R (EQR variant); or 
D1135 V/G1218R/R1335E/T1337R (VRER variant). 
0012 SaCas9 variants described herein can include the 
amino acid sequence of SEQID NO:2, with mutations at one 
or more of the following positions: E735, E782, K929, 
N968, R1015, A1021, and/or K1044. In some embodiments, 
the SaCas'9 variants can include one or more of the following 
mutations: R1015Q, R1015H, E782K, N968K, E735K, 
K929R, A1021 T, K1044N. In some embodiments, the 
SaCas9 variants can include one of the following sets of 
mutations: E782K/N968K/R1015H (KKH variant); E782K/ 
K929R/R1015H (KRH variant); or E782K/K929R/N968K/ 
R1015H (KRKH variant). 
0013 Also provided herein are fusion protein comprising 
the isolated variant SaCas') or SpCas9 proteins described 
herein fused to a heterologous functional domain, with an 
optional intervening linker, wherein the linker does not 
interfere with activity of the fusion protein. In some embodi 
ments, the heterologous functional domain is a transcrip 
tional activation domain. In some embodiments, the tran 
scriptional activation domain is from VP64 or NF-kB p65. 
In some embodiments, the heterologous functional domain 
is a transcriptional silencer or transcriptional repression 
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domain. In some embodiments, the transcriptional repres 
sion domain is a Krueppel-associated box (KRAB) domain, 
ERF repressor domain (ERD), or mSin3A interaction 
domain (SID). In some embodiments, the transcriptional 
silencer is Heterochromatin Protein 1 (HP1), e.g., HP1C. or 
HP1B. In some embodiments, the heterologous functional 
domain is an enzyme that modifies the methylation state of 
DNA. In some embodiments, the enzyme that modifies the 
methylation state of DNA is a DNA methyltransferase 
(DNMT) or a TET protein. In some embodiments, the TET 
protein is TET1. In some embodiments, the heterologous 
functional domain is an enzyme that modifies a histone 
Subunit. In some embodiments, the enzyme that modifies a 
histone subunit is a histone acetyltransferase (HAT), histone 
deacetylase (HDAC), histone methyltransferase (HMT), or 
histone demethylase. In some embodiments, the heterolo 
gous functional domain is a biological tether. In some 
embodiments, the biological tether is MS2, Csy4 or lambda 
N protein. In some embodiments, the heterologous func 
tional domain is FokI. 
0014. Also provided herein are isolated nucleic acids 
encoding the variant SaCas9 or SpCas9 proteins described 
herein, as well as vectors comprising the isolated nucleic 
acids, optionally operably linked to one or more regulatory 
domains for expressing the variant SaCas'9 or SpCas9 pro 
teins described herein. Also provided herein are host cells, 
e.g., mammalian host cells, comprising the nucleic acids 
described herein, and optionally expressing the variant 
SaCas9 or SpCas9 proteins described herein. 
0015. Also provided herein are methods of altering the 
genome of a cell, by expressing in the cell an isolated variant 
SaCas9 or SpCas9 protein described herein, and a guide 
RNA having a region complementary to a selected portion of 
the genome of the cell. 
0016. Also provided herein are methods for altering, e.g., 
selectively altering, the genome of a cell by expressing in the 
cell the variant proteins, and a guide RNA having a region 
complementary to a selected portion of the genome of the 
cell. 
0017. Also provided are methods for altering, e.g., selec 
tively altering, the genome of a cell by contacting the cell 
with a protein variant described herein, and a guide RNA 
having a region complementary to a selected portion of the 
genome of the cell. 
0018. In some embodiments, the isolated protein or 
fusion protein comprises one or more of a nuclear localiza 
tion sequence, cell penetrating peptide sequence, and/or 
affinity tag. 
0019. In some embodiments of the methods described 
herein, the cell is a stem cell, e.g., an embryonic stem cell, 
mesenchymal stem cell, or induced pluripotent stem cell; is 
in a living animal; or is in an embryo, e.g., a mammalian, 
insect, or fish (e.g., Zebrafish) embryo or embryonic cell. 
0020. Further, provided herein are methods, e.g., in vitro 
methods, for altering a double stranded DNA (dsDNA) 
molecule. The methods include contacting the dsDNA mol 
ecule with one or more of the variant proteins described 
herein, and a guide RNA having a region complementary to 
a selected portion of the dsDNA molecule. 
0021. Unless otherwise defined, all technical and scien 

tific terms used herein have the same meaning as commonly 
understood by one of ordinary skill in the art to which this 
invention belongs. Methods and materials are described 
herein for use in the present invention; other, suitable 
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methods and materials known in the art can also be used. 
The materials, methods, and examples are illustrative only 
and not intended to be limiting. All publications, patent 
applications, patents, sequences, database entries, and other 
references mentioned herein are incorporated by reference in 
their entirety. In case of conflict, the present specification, 
including definitions, will control. 
0022. Other features and advantages of the invention will 
be apparent from the following detailed description and 
FIGs, and from the claims. 

DESCRIPTION OF DRAWINGS 

0023 The patent or application file contains at least one 
drawing executed in color. Copies of this patent or patent 
application publication with color drawing(s) will be pro 
vided by the Office upon request and payment of the 
necessary fee. 
0024 FIGS. 1A-JEvolution and characterization of 
SpCas9 variants with altered PAM specificities. A. Rational 
mutation of the SpCas9 residues that make base-specific 
contacts to the PAM bases is insufficient to alter PAM 
specificity in the U2OS human cell-based Enhanced Green 
Fluorescent Protein (EGFP) disruption assay. Disruption 
frequencies were quantified by flow cytometry; the mean 
level of disruption observed with the background control is 
represented by the dashed red line for this and subsequent 
panels (C, G, H, and J); error bars represents.e.m., n=3. B. 
Schematic of the two-plasmid positive selection assay used 
to alter the PAM specificity of SpCas9. Cleavage of a target 
site within the positive selection plasmid by a functional 
Cas9/sgRNA complex is necessary for survival when bac 
teria are plated on selective media (see also FIGS. 12A-B). 
C. Combinatorial assembly and testing of mutations 
obtained from the positive selection for SpCas9 variants that 
can cleave a target site containing an NGA PAM. SpCas9 
Variants were paired with sgRNAs that target sites contain 
ing either an NGG or an NGA PAM and activity was 
assessed using the EGFP disruption assay. Error bars rep 
resent S.e.m., n 3. D. Schematic of the negative selection 
assay, in which cleavage of the selection plasmid results in 
cell death when bacteria are plated on selective media. This 
system was adapted to profile the PAM specificity of Cas9 
by generating a library of plasmids that contain a random 
ized sequence adjacent to the 3' end of the protospacer (see 
also FIG. 13B). E. Scatterplot of the post-selection PAM 
depletion values (PPDVs) of wild-type SpCas9 with two 
randomized PAM libraries (each with a different proto 
spacer). PAMs were grouped and plotted by their 2"/3"/4" 
positions. The red dashed line indicates the cutoff for 
statistically significant depletion (obtained from a dCas9 
control experiment, see FIG. 13C), and the gray dashed line 
represents five-fold depletion (PPDV of 0.2). F. PPDV 
scatterplots for the VOR and EQR SpCas9 variants that 
recognize PAMs distinct from those recognized by wild-type 
SpCas9. G. EGFP disruption frequencies for wild-type, 
VQR, and EQR SpCas9 on sites with NGAN and NGNG 
PAMs. Error bars represents.e.m., n=3. H. Combinatorial 
assembly and testing of mutations obtained from the positive 
selection for SpCas9 variants that can cleave a target site 
containing an NGCG PAM. sgRNAs that target sites con 
taining either an NGGG or an NGCG PAM were assessed 
for Cas9 targeting using the EGFP disruption assay. Error 
bars represents.e.m., n=3. I, PPDV scatterplot for the VRER 
variant. J. EGFP disruption frequencies for wild-type and 
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VRER SpCas9 on sites with NGCN and NGNG PAMs. 
Error bars represents.e.m., n=3. 
(0025 FIGS. 2A-FISpCas9 variants with evolved PAM 
specificities robustly modify endogenous sites in Zebrafish 
embryos and human cells. A. Quantification of mutagenesis 
frequencies in zebrafish embryos induced by wild-type or 
VQR SpCas9 on endogenous gene sites bearing NGAG 
PAMs. Mutation frequencies were determined using the 
T7E1 assay; error bars represents.e.m., n=5 to 9 individual 
embryos. B. Mutation frequencies of the VOR variant quan 
tified by T7E1 assay at 16 target sites in four endogenous 
human genes with SgRNAS targeted to sites containing 
NGAG, NGAT, and NGAA PAMs. Error bars represent 
s.e.m., n=3. C. Mutation frequencies of wild-type SpCas9 on 
endogenous human gene target sites with NGA PAMs. For 
ease of comparison, the mutation frequencies for the VOR 
variant using the same sgRNAS are re-presented here (same 
data shown in panel B). Error bars represent s.e.m., n=3; 
n.d., not detectable by T7E1. D. Mutation frequencies of 
wild-type. VRER, and VOR SpCas9 at nine target sites 
containing NGCG PAMs in three endogenous human genes 
quantified by T7E1 assay.sgRNA complementarity lengths 
of 19 and 20 nt were used; error bars represents.e.m., n=3. 
E. Representation of the number sites in the human genome 
with 20 nt spacers targetable by wild-type, VQR, and VRER 
SpCas9. F. Number of off-target cleavage sites identified by 
GUIDE-seq for the VOR and VRER SpCas9 variants using 
sgRNAs from panels B and D. 
0026 FIGS. 3A-G|A D1135E mutation improves the 
PAM recognition and spacer specificity of SpCas9. A. PPDV 
scatterplots for wild-type and D1135E SpCas9 (left and right 
panels, respectively) for the two randomized PAM libraries. 
PAMs were grouped and plotted by their 2"/3"/4" posi 
tions. The data shown for wild-type SpCas9 is the same as 
the plot from FIG. 1D and is re-presented here for ease of 
comparison. The red dashed line indicates PAMs that are 
statistically significantly depleted (see FIG. 13C), and the 
gray dashed line indicates a five-fold depletion cutoff 
(PPDV of 0.2). B, EGFP disruption activities of wild-type 
and D1135E SpCas9 on sites that contain NGG, NAG, and 
NGA PAMs in human cells. Disruption frequencies were 
quantified by flow cytometry; the mean level of disruption 
observed with the background control is represented by the 
dashed red line for this panel and (D); error bars represent 
S.e.m., n=3; mean fold change in activity is shown. C. 
Mutagenesis frequencies detected by T7E1 for wild-type 
and D1135E SpCas9 at six endogenous sites in human cells. 
Error bars represent S.e.m., n=3; mean fold change in 
activity is shown. D, Titration of the amount of wild-type or 
D1135E SpCas9-encoding plasmid transfected for EGFP 
disruption experiments in human cells. The amount of 
sgRNA plasmid used for all of these experiments was fixed 
at 250 ng. Two sgRNAs targeting different EGFP sites were 
used; error bars represent S.e.m., n 3. E. Targeted deep 
sequencing of on- and off-target sites for 3 sgRNAS using 
wild-type and D1135E SpCas9 (SEQ ID NOS 660-687, 
respectively, in order of appearance). The on-target site is 
shown at the top, with off-target sites listed below highlight 
ing mismatches to the on-target. Fold decreases in activity 
with D1135E relative to wild-type SpCas9 at off-target sites 
greater than the change in activity at the on-target site are 
highlighted in green; control indel levels for each amplicon 
are reported. F. Summary of the targeted deep-sequencing 
data, plotted as the fold-decrease in activity at on- and 
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off-target sites using D1135E relative to the indel frequency 
observed with wild-type SpCas9. G. Summary of GUIDE 
seq detected changes in specificity between wild-type and 
D1135E at off-target sites, plotted as the normalized fold 
change in specificity using D1135E versus the read counts at 
that off-target site using wild-type SpCas9 (see also FIG. 
18C). Estimated fold-gain in specificity at sites without 
read-counts for D1135E are not plotted (see FIG. 18C). 
0027 FIGS. 4A-G|Characterization of St1Cas9 and 
SaCas9 orthologues in bacteria and human cells. A. PPDV 
scatterplots for St1Cas9 using the two randomized PAM 
libraries. PAMs were grouped and plotted by their 3"/4"/ 
5"/6" positions. sgRNA complementarity lengths of 20 and 
21 nucleotides were used to program St1Cas9 for both 
libraries (left and right panels, respectively). The red dashed 
line indicates PAMs that are statistically significantly 
depleted (see FIG. 13C), and the gray dashed line represents 
five-fold depletion (PPDV of 0.2); C, PAM previously 
predicted by a bioinformatic approach"; B, PAMs previ 
ously identified under stringent experimental conditions'; 
*, novel PAMs discovered in this study: Y, PAMs previously 
identified under moderate experimental conditions' (PAM 1 
disclosed as SEQ ID NO: 3). B. PPDV scatterplots for 
SaCas9 using the two randomized PAM libraries. PAMs 
were grouped and plotted by their 3/4"/5"/6' positions. 
sgRNA complementarity lengths of 21 and 23 nucleotides 
were used to program SaCas'9 for both libraries (left and 
right panels, respectively). PAMs identified for SaCas') are 
shown, with PAMs 1-3 consistently depleted across all 
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combinations of spacer and spacer length used in these 
experiments (PAMs 1-3 disclosed as SEQID NOS 4, 6 and 
5, respectively, in order of appearance). C. Survival percent 
ages of St1Cas9 and SaCas9 in the bacterial positive selec 
tion when challenged with selection plasmids that harbor 
different target sites and PAMs indicated on the x-axis. 
Highly depleted PAMs from panels (A) and (B) for St1Cas9 
and SaCas9 were used for the target sites in the positive 
selection plasmids (SEQ ID NOS 3, 3, 5, 5, 5 and 3, 
respectively, in order of appearance). D, E, EGFP disruption 
activities of St1Cas9 (panel D) or SaCas9 (panel E) on sites 
in EGFP that contain NNAGAA (SEQ ID NO:3) or 
NNGGGT (SEQ ID NO:4)/NNGAGT (SEQ ID NO:5) 
PAMs, respectively. Matched sgRNAs of different lengths 
for the same site are indicated; disruption frequencies were 
quantified by flow cytometry; the mean frequency of EGFP 
disruption obtained with a negative control is represented by 
the dashed red line; error bars represent s.e.m., n=3. F, G, 
Mutation frequencies of St1Cas9 (panel F) and SaCas9 
(panel G) quantified by T7E1 assay at sites in four endog 
enous human genes that contain NNAGAA (SEQID NO:3) 
or NNGGGT (SEQ ID NO:4)/NNGAGT (SEQ ID NO:5)/ 
NNGAAT (SEQ ID NO:6) PAMs, respectively. Error bars 
represents.e.m., n=3; n.d., not detectable by T7E1. 

FIGS. 5A-J. Sequences and Maps plasmids used 
in this study 

0028 

T7-humanspoase-NLS-3xFLAG-T7-B saIcassette-SpgRNA 
T7 promoters : nts 1-17 and 4360-4376; human codon optimized S. 
pyogenes Cas 9 88-4224; Nuclear Localization Signal (NLS) 
(CCCAAGAAGAAGAGGAAAGTC (SEQ ID NO: 650) ) at nts 41.98 
4218, 3xFLAG tag 4225-4290, Bsal sites 4379-4384 and 44.27 

(GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCG 
TTATCAACTTGAAAAAGTGGCACCGAGTCGGTGC (SEO ID 

4434 - 4509, T7 terminator 4252 - 4572 of SEQ ID NO: 7 

T7-humanspaCase (D10A/H840A) - T7-B saIcassette-SpgRNA 
T7 promoters at nts 1-17 and 4360-4376, human codon optimized 
S. pyogenes Case 88-4293, modified codons iat 115-117 and 

bold and underlined NLS 
(CCCAAGAAGAAGAGGAAAGTC (SEQ ID NO: 650) ) at nts 41.98 
4218, 3xFLAG tag 4225-4290, Bsal sites 4379-4384 and 44.27 

(GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGT 
CCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGC (SEQ 

at nts 4434 - 4509, T7 terminator 4252 - 4572 of SEQ 

T7-humanst1Case-NLS-T7-BspMIcassette-St1gRNA 
T7 promoters at 1-17 and 3555-3571, human codon optimized S. 
thermophilus 1 Case at 88-3489, NLS at 3454 to 3486; BspMI sites 
at 3577-3582 and 3625-3630, gRNA at 3635-3763, T7 terminator 
3778-3825 of SEO ID NO: 9. 

SEQ ID 
FIG Name NO Description 

5A BPK764 7 

4432, gRNA 

NO: 651) ) 

MSP712 8 

2605-26O7. 

4432, gRNA 

ID NO: 651) ) 
ID NO : 8 

SB BPK21.69 9 

C BPK2101 1O T7-humansaCase-NLS-3xFLAG-T7-B saIcassette-SagRNA 
T7 promoters at 1-17 and 3418-3434, human codon optimized S. 
aureus Case at 88-3352, NLS at 3256-3276, 3xFLAG tag at 3283 
3348, Bsal sites at 3437-3442 and 3485-3490, gRNA at 3492 
3616, T7 terminator at 3627-2674 of SEQ ID NO: 1.O. 

SD p11-lacY 
witx17 

BAD-ccDB-Amp-Arac-lacy (A177C) 
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- Continued 

SEO ID 
FIG Name NO Description 

SE JDS246 11 
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CMV-T7-humanspCase-NLS-3xFLAG ADDGENE ID: 43861 
Human codon optimized S. pyogenes Case 1 - 42O6, NLS at 4111 
4131, 3xFLAG tag at 4138-4203 of SEQ ID NO: 11. 

and 4009-4011, NLS at 411 

4 OO3- 4 OO5, and 4 OO 9-4011, 

and 4009-4011, NLS at 411 

MSP469 12 CMV-T7-humanspCase (D1135W/R1335Q/T1337R) -NLS-3xFLAG 
(VOR variant) 
Human codon optimized S. pyogenes Case 1 - 42O6, modified 
codons at 3403-3 405, 4 OO3- 4005, 
4131, 3xFLAG tag 413 8- 4203 of SEQ ID NO: 12. 

MSP680 13 CMV-T7-humanspCase (D1135E/R1335Q/T1337R) -NLS-3xFLAG 
(EOR variant) 
Human codon optimized S. pyogenes Case 1 - 42O6, modified 
codons at 3403-3 405, 3652-3654, 
NLS at 411-4131, 3xFLAG tag 4138-4203 of SEQ ID NO: 13. 

MSP11 O1 14 CMV-T7-humanspCase (D1135W/G1218R/R1335E/T1337R) -NLS 
3xFLAG 

(WRER variant) 
Human codon optimized S. pyogenes Case 1 - 42O6, modified 
codons at 3403-3 405, 4 OO3- 4005, 
4131, 3xFLAG tag 413 8- 4203 of SEQ ID NO: 14 

MSP977 15 CMV-T7-humanspCase (D1135E) -NLS-3xFLAG 
Human codon optimized S. pyogenes Case 1 - 42O6, modified 
codons at 34O3-3405, NLS at 411-4131, 3xFLAG tag 4138-42O3 
of SEQ ID NO: 15. 

SF MSP1393 16 CAG-humanSt1Case-NLS 

Human codon optimized S. thermophilus 1 Case 1-34 O2, NLS at 
3367-3399 of SEQ ID NO; 16. 

SG BPK2139 17 CAG-human.SaCase-NLS-3xFLAG 

Human codon optimized S. aureus Case 1-3195, NLS 3169-3189, 
3xFLAG tag 3196-3261 of SEQ ID NO: 17. 

SH BPK152O 18 U6-BsmBIcassette-SpgRNA 
U6 promoter at 1-318, BSmBI sites at 320-325 and 333-338, S. 
pyogenes gRNA 339-422, U6 terminator 416 - 422 of SEQ ID 
NO: 18. 

SI BPK23 O1 19 U6-BsmBIcassette-St1gRNA 
U6 promoter 1-318, BSmBI sites at 320-325 and 333-338, S. 
thermophilus1 gRNA 340-471, U6 terminator 464 - 471 of SEQ ID 
NO: 19. 

SJ WWT1 2O U6-BsmBIcassette-SagRNA 
U6 promoter 1-318, BSmBI sites at 320-325 and 333-338, S. 
aureus gRNA 340-466, U6 terminator 459 - 466 of SEQ ID NO: 2O. 

0029 FIG. 6|Alignment of Cas9 orthologues to predict 
PAM-interacting residues of SaCas'9. The PAM-interacting 
domains of SpCas9, SaCas'9, and 11 other Cas9 orthologues 
were aligned to identify PAM contacting residues in SaCas9, 
based on what is known for SpCas9. Top, Top, S. Pyogenes, 
amino acids 1229-1368 of SEQ ID NO:1, then SEQ ID 
NOs:29-40, respectively. 
0030 FIG. 7Substitutions in SaCas9 assessed for activ 

ity against different PAMs in the bacterial screen. Based on 
the alignment from FIG. 6, single amino acid substitutions 
were tested in the bacterial positive selection to screen for 
effects on activity against a canonical NNGAGT (SEQ ID 
NO:5) and non-canonical NNAAGT (SEQ ID NO:41) and 
NNAGGT (SEQ ID NO:42) PAMs. Bacterial colonies on 
the selective media Suggest that the SaCas9 variant has 
activity against a site containing the indicated PAM. 
0031 FIGS. 8A-B|Summary of amino acid substitutions 
that enable SaCas'9 variants to target NNARRT (SEQ ID 

NO:43) PAMs. Amino acid sequences of the PAM-interact 
ing domain of 52 selected mutant SaCas9 clones that 
enabled Survival in bacteria against sites containing an 
NNARRT (SEQ ID NO:43) PAM; the sequences presented 
are partial sequences of SEQID NOS:53-104 shown in Table 
6 (SEQ ID NOS 967-1019, respectively, in order of appear 
ance). Figure discloses “IIKKG” as SEQ ID NO: 966. 
0032 FIG. 9Human cell activity of wild-type and engi 
neered SaCas'9 variants. Activity of wild-type, KKQ, and 
KKH SaCas9 was assessed in the human cell EGFP reporter 
assay against sites containing NNRRRT (SEQ ID NO:45) 
PAMS. 

0033 FIG. 10. SaCass) activity against non-canonical 
PAMs in bacteria, and how directed mutations at R1015 
impact activity against the same non-canonical PAMs (SEQ 
ID NOS 5, 511-514, 5, 511-512, 5,513-514, 5 and 513-514, 
respectively, in order of appearance). 
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0034 FIG. 11. Engineered variants can recognize PAMs 
of the form NNNRRT (SEQID NOS 5, 41-42, and 511-514, 
respectively, in order of appearance, on both the left and 
right side of the figure) 
0035 FIGS. 12A-B|Bacterial-based positive selection 
used to engineer altered PAM specificity variants of SpCas9. 
A. Expanded schematic of the positive selection from FIG. 
1B (left panel), and validation that SpCas9 behaves as 
expected in the positive selection (right panel). Spacer 1, 
SEQID NO:105: Spacer 2, SEQ ID NO:106. B. Schematic 
of how the positive selection was adapted to select for 
SpCas9 variants that have altered PAM recognition speci 
ficities. A library of SpCas9 clones with randomized PAM 
interacting (PI) domains (residues 1097-1368) is challenged 
by a selection plasmid that harbors an altered PAM (target 
site disclosed as SEQ ID NO: 688). SpCas9 variants that 
survive the selection by cleaving the positive selection 
plasmid are sequenced to determine the mutations that 
enable altered PAM specificity. 
0036 FIGS. 13 A-D|Bacterial cell-based site-depletion 
assay for profiling the global PAM specificities of Cas9 
nucleases. A. Expanded schematic illustrating the negative 
selection from FIG. 1D (left panel), and validation that 
wild-type SpCas9 behaves as expected in a screen of sites 
with functional (NGG) and non-functional (NGA) PAMs 
(right panel). B. Schematic of how the negative selection 
was used as a site-depletion assay to screen for functional 
PAMs by constructing negative selection plasmid libraries 
containing 6 randomized base pairs in place of the PAM. 
Selection plasmids that contain PAMs cleaved by a Cas9/ 
sgRNA of interest are depleted while PAMs that are not 
cleaved (or poorly cleaved) are retained. The frequencies of 
the PAMs following selection are compared to their pre 
selection frequencies in the starting libraries to calculate the 
post-selection PAM depletion value (PPDV). Spacer 1, SEQ 
ID NO: 689; Spacer 2, SEQ ID NO: 690. C, D, A cutoff for 
statistically significant PPDVS was established by plotting 
the PPDV of PAMs for catalytically inactive SpCas9 
(dCas9) (grouped and plotted by their 2nd/3rd/4th positions) 
for the two randomized PAM libraries (C). A threshold of 
3.36 standard deviations from the mean PPDV for the two 
libraries was calculated (red lines in (D)), establishing that 
any PPDV deviation below 0.85 is statistically significant 
compared to dCas9 treatment (red dashed line in (C)). The 
gray dashed line in (C) indicates a five-fold depletion in the 
assay (PPDV of 0.2). 
0037 FIG. 14|Concordance between the site-depletion 
assay and EGFP disruption activity. Data points represent 
the average EGFP disruption of the two NGAN and NGNG 
PAM sites for the VQR and EQR SpCas9 variants (FIG. 1G) 
plotted against the mean PPDV observed for library 1 and 2 
(FIG. 1F) for the corresponding PAM. The red dashed line 
indicates PAMs that are statistically significantly depleted 
(PPDV of 0.85, see FIG. 13C), and the gray dashed line 
represents five-fold depletion (PPDV of 0.2). Mean values 
are plotted with the 95% confidence interval. 
0038 FIG. 15|Insertion or deletion mutations induced by 
the VOR SpCas9 variant at endogenous zebrafish sites 
containing NGAG PAMs. For each target locus, the wild 
type sequence is shown at the top with the protospacer 
highlighted in yellow (highlighted in green if present on the 
complementary strand) and the PAM is marked as red 
underlined text. Deletions are shown as red dashes high 
lighted in gray and insertions as lower case letters high 
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lighted in blue. The net change in length caused by each 
indel mutation is shown on the right (+, insertion: -, 
deletion). Note that some alterations have both insertions 
and deletions of sequence and in these instances the altera 
tions are enumerated in parentheses. The number of times 
each mutant allele was recovered (if more than once) is 
shown in brackets. 
0039 FIGS. 16A-B|Endogenous genes targeted by wild 
type and evolved variants of SpCas9. A. Sequences targeted 
by wild-type, VOR, and VRER SpCas9 are shown in blue, 
red, and green, respectively. Sequences of SgRNAS and 
primers used to amplify these loci for T7E1 are provided in 
Tables 1 and 2, below. B. Mean mutagenesis frequencies 
detected by T7E1 for wild-type SpCas9 at eight target sites 
bearing NGG PAMs in the four different endogenous human 
genes (corresponding to the annotations in the top panel). 
Error bars represents.e.m., n=3. 
0040 FIGS. 17A-B|Specificity profiles of the VQR and 
VRER SpCas9 variants determined using GUIDE-seq. The 
intended on-target site is marked with a black Square, and 
mismatched positions within off-target sites are highlighted. 
A, The specificity of the VOR variant was assessed in human 
cells by targeting endogenous sites containing NGA PAMs: 
EMX1 site 4 (SEQ ID NO:142 and variants disclosed as 
SEQID NOS 691-692, respectively, in order of appearance), 
FANCF site 1 (SEQ ID NO:143 and variants disclosed as 
SEQID NOS 693-699, respectively, in order of appearance), 
FANCF site 3 (SEQ ID NO:144 and variants disclosed as 
SEQID NOS 700-702, respectively, in order of appearance), 
FANCF site 4 (SEQ ID NO:145 and variant disclosed as 
SEQ ID NO: 703), RUNX1 site 1 (SEQ ID NO: 146 and 
variants disclosed as SEQID NOS 704-714, respectively, in 
order of appearance), RUNX1 site 3 (SEQ ID NO:147 and 
variants disclosed as SEQID NOS 715-771, respectively, in 
order of appearance), VEGFA site 1 (SEQ ID NO: 148 and 
variant disclosed as SEQID NO: 772), and ZSCAN2 (SEQ 
ID NO:149 and variants disclosed as SEQID NOS 773-794, 
respectively, in order of appearance). B. The specificity of 
the VRER variant was assessed in human cells by targeting 
endogenous sites containing NGCG PAMs: FANCF site 3 
(SEQ ID NO:150 and variants disclosed as SEQ ID NOS 
795-796, respectively, in order of appearance), FANCF site 
4 (SEQID NO:151 and variants disclosed as SEQ ID NOS 
797-798, respectively, in order of appearance), RUNX1 site 
1 (SEQ ID NO:152 and variant disclosed as SEQ ID NO: 
799), VEGFA site 1 (SEQID NO:153 and variants disclosed 
as SEQ ID NOS 800-804, respectively, in order of appear 
ance), and VEGFA site 2 (SEQ ID NO:154 and variant 
disclosed as SEQ ID NO: 805). 
004.1 FIGS. 18A-CActivity differences between 
D1135E and wild-type SpCas9 at off-target sites detected by 
GUIDE-seq. A. Mean frequency of oligo tag integration at 
the on-target sites, estimated by restriction fragment length 
polymorphism analysis. Error bars represent S.e.m., n -4. B. 
Mean mutagenesis frequencies at the on-target sites detected 
by T7E1. Error bars represent s.e.m., n=4. C. GUIDE-seq 
read-count differences between wild-type SpCas9 and 
D1135E at 3 endogenous human cell sites (EMX1 site 3 
(SEQ ID NO:155 and variants disclosed as SEQ ID NOS 
806-812, respectively, in order of appearance); ZNF629 site 
(SEQ ID NO:156 and variants disclosed as SEQ ID NOS 
813-826, respectively, in order of appearance), VEGFA site 
3 (SEQID NO:157 and variants disclosed as SEQ ID NOS 
827-873, respectively, in order of appearance). The on-target 
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site is shown at the top and off-target sites are listed below 
with mismatches highlighted. In the table, a ratio of off 
target activity to on-target activity is compared between 
wild-type and D1135E to calculate the normalized fold 
changes in specificity (with gains in specificity highlighted 
in green). For sites without detectable GUIDE-seq reads, a 
value of 1 has been assigned to calculate an estimated 
change in specificity (indicated in orange). Off-target sites 
analyzed by deep-sequencing in FIG. 3E are numbered to 
the left of the EMX1 site 3 and VEGFA site 3 off-target sites. 
0042 FIGS. 19A-FAdditional PAMs for St1Cas9 and 
SaCas9 and activities based on spacer lengths in human 
cells. A. PPDV scatterplots for St1Cas9 comparing the 
sgRNA complementarity lengths of 20 and 21 nucleotides 
obtained with a randomized PAM library for spacer 1 (top 
panel) or spacer 2 (bottom panel). PAMs were grouped and 
plotted by their 3rd/4th/5th/6th positions ("nnAGAA’ dis 
closed as SEQ ID NO: 3). The red dashed line indicates 
PAMs that are statistically significantly depleted (see FIG. 
13C) and the gray dashed line represents five-fold depletion 
(PPDV of 0.2). B, Table of PAMs with PPDVs of less than 
0.2 for St1Cas9 under each of the four conditions tested. 
PAM numbering shown on the left is the same as in FIG. 4A 
(PAM 1 disclosed as SEQID NO:3). C. PPDV scatterplots 
for SaCas9 comparing the sgRNA complementarity lengths 
of 21 and 23 nucleotides obtained with a randomized PAM 
library for spacer 1 (top panel) or spacer 2 (bottom panel). 
PAM were grouped and plotted by their 3rd/4th/5th/6th 
positions. The red and gray dashed lines are the same as in 
(A). D, Table of PAMs with PPDVs of less than 0.2 for 
SaCas'9 under each of the four conditions tested. PAM 
numbering is the same as in FIG. 4B (“nnGGGT disclosed 
as SEQ ID NO: 4, “nnGAAT' disclosed as SEQ ID NO: 6, 
“nnGAGT disclosed as SEQ ID NO: 5, "nnAAGT dis 
closed as SEQID NO 41, "nnAGGT disclosed as SEQ ID 
NO: 42 and “nnCAGT disclosed as SEQ ID NO: 511). E. 
F. Human cell activity of St1Cas9 and SaCas'9 across various 
spacer lengths via EGFP disruption (panel E, data from 
FIGS. 4D, 4E) and endogenous gene mutagenesis detected 
by T7E1 (panel F. data from FIGS. 4F, 4G). Activity for all 
replicates shown (n-3 or 4); bars illustrate mean and 95% 
confidence interval; number of sites per spacer length indi 
cated. 

0043 FIGS. 20A-B|Structural and functional roles of 
D1135, G1218, and T1337 in PAM recognition by SpCas9. 
A, Structural representations of the six residues implicated 
in PAM recognition. The left panel illustrates the proximity 
of D1135 to 51136, a residue that makes a water-mediated, 
minor groove contact to the 3rd base position of the PAM 15. 
The right panel illustrates the proximity of G1218, E1219, 
and T1337 to R1335, a residue that makes a direct, base 
specific major groove contact to the 3rd base position of the 
PAM 15. Angstrom distances indicated by yellow dashed 
lines; non-target Strand guanine bases dG2 and dG3 of the 
PAM are shown in blue; other DNA bases shown in orange; 
water molecules shown in red; images generated using 
PyMOL from PDB:4UN3. B. Mutational analysis of six 
residues in SpCas9 that are implicated in PAM recognition. 
Clones containing one of three types of mutations at each 
position were tested for EGFP disruption with two sgRNAs 
targeted to sites harboring NGG PAMs. For each position, 
we created an alanine Substitution and two non-conservative 
mutations. S1136 and R1335 were previously reported to 
mediate contacts to the 3rd guanine of the PAM 15, and 
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D1135, G1218, E1219, and T1337 are reported in this study. 
EGFP disruption activities are quantified by flow cytometry: 
background control represented by the dashed red line; error 
bars represent S.e.m., n 3. 
0044 FIGS. 21A-F Selection and assembly of SaCas9 
variants with altered PAM specificities (A) Phylogenetic tree 
of Cas9 orthologues with SpCas9 and SaCas9 highlighted. 
(B) Activity of SaCass) variants with single amino acid 
Substitutions assessed in the bacterial positive selection 
assay (see also FIG. 31B). Error bars represents.e.m., n=3; 
NS=no survival. (C) Human cell activity of wild-type and 
R1015H SaCas9 (SEQ ID NOS 41, 511, 5 and 513, respec 
tively, in order of appearance). EGFP disruption activity 
quantified by flow cytometry; error bars represent S.e.m, 
n=3, mean level of background EGFP loss represented by 
dashed red line (for this and panel E). (D) Total number of 
Substitutions observed at each amino acid position when 
selecting for SaCas9 variants with altered PAM specificities 
(SEQ ID NOS 43 and 47, respectively, in order of appear 
ance). Starter mutations at R1015 are not counted. (E) 
Human cell EGFP disruption activity of variants containing 
mutations observed when selecting for altered PAM speci 
ficities (SEQID NOS 41, 5,42, 4 and 511, 513,512 and 514, 
respectively, in order of appearance). (F) Mean post-selec 
tion PAM depletion value (PPDV) scatterplot of wild-type 
SaCas9 versus the KKH variant (n=2, see also FIG. 34C) 
(SEQ ID NOS 43, 47, 46, 48, 514, 513, 6, 4, 42,512, 5, 41 
and 511, respectively, in order of appearance). Two libraries 
with different protospacers and 8 randomized basepairs in 
place of the PAM were used to determine which PAMs are 
targetable by each Cas9. Statistically significant depletion 
indicated by the red dashed line (relative to a dCas9 control, 
see FIGS. 34A and 34B), and 5-fold depletion by the grey 
dashed line. 

004.5 FIGS. 22A-F. Activity of the SaCas'9 KKH variant 
targeted to endogenous sites in human cells (A) Mutagenesis 
frequencies across 55 different sites bearing NNNRRT 
PAMs (SEQ ID NOS 43, 47, 46 and 48, respectively, in 
order of appearance) induced by KKH SaCas9, determined 
by T7E1 assay. Error bars represent s.e.m., n=3, ND, not 
detectable by T7E1 assay. (B) KKH variant preference for 
the third position of the PAM. Mean activities from data in 
panel A are shown for this and panels B and C. (C) KKH 
variant preference for the fourth and fifth positions of the 
PAM. (D) Spacer length preference of the KKH SaCas9 
variant. (E) Comparison of the human cell EGFP disruption 
activity of wild-type and KKH SaCas9 targeted to various 
sites containing NNNRRT PAMs (SEQ ID NOS 43, 47, 46 
and 48, respectively, in order of appearance). EGFP disrup 
tion quantified by flow cytometry; error bars represents.e.m, 
n=3, mean level of background EGFP loss represented by 
dashed red line. (F) Mutagenesis frequencies of wild-type 
SaCas9 against one site for each of the 16 possible 
NNNRRT sites from panel A (sites with the highest KKH 
activity were selected). Error bars represents.e.m., n=3, ND, 
not detectable by T7E1 assay. 
0046 FIGS. 23A-E Genome-wide specificity profiles of 
wild-type and KKH SaCas9 (A) and (B) Direct comparison 
of wild-type and KKH SaCas'9 targeted to sites containing 
NNGRRT (SEQ ID NO:46) PAMs, represented by total 
number of off-targets (panel A) and mismatches observed at 
each off-target site (panel B) at EMX site 6 (SEQID NO:158 
and variants disclosed as SEQ ID NOS 874-876, respec 
tively, in order of appearance) and VEGF site 8 (SEQ ID 
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NO:159 and variants disclosed as SEQ ID NOS 891–925, 
respectively, in order of appearance). FANCF site 10 wild 
type and variants disclosed as SEQ ID NOS 877 and 878: 
FANCF site 13 wildtype and variants disclosed as SEQ ID 
NOS 879-883; RUNX1 site 13 wildtype and variants dis 
closed as SEQ ID NOS 884-887; and RUNX1 site 14 
variants disclosed as SEQID NOS 888-890, all respectively, 
in order of appearance). For panels B and E, GUIDE-seq 
read counts at each site are indicated; on-target sequences 
are marked with a black box; mismatched positions within 
off-target sites are highlighted; sequences have been cor 
rected for cell-type specific SNPs; sites with potential 
sgRNA or DNA bulge nucleotides are indicated by a small 
red-bordered base or a dash, respectively. (C)Venn diagram 
highlighting the differences in off-target site cleavage by 
wild-type and KKH SaCas9 at VEGFA site 8. (D) and (E) 
Specificity profile of the KKH variant targeted to sites 
containing NNHRRT (SEQ ID NO:44) PAMs, EMX site 1 
(SEQ ID NO:160 and variants disclosed as SEQ ID NOS 
926-941, respectively, in order of appearance), EMX site 4 
(SEQ ID NO:161 and variants disclosed as SEQ ID NOS 
942-951, respectively, in order of appearance), EMX site 10 
(SEQ ID NO:162 and variants disclosed as SEQ ID NOS 
952-957, respectively, in order of appearance), FANCF site 
9 (SEQ ID NO:163 and variants disclosed as SEQ ID NOS 
958-962, respectively, in order of appearance), and FANCF 
site 16 (SEQ ID NO:164 and variant disclosed as SEQ ID 
NO: 963), represented by total number of off-targets (panel 
D) and mismatches observed at each off-target site (panel E). 
0047 FIG. 24: Activity of VQR-derivative clones in the 
bacterial 2-plasmid screen. Testing of 24 different VQR 
derivative variants against sites in bacteria that contain 
NGAN PAMs. Survival on the selective plate, relative to the 
non-selective plate, is indicative of activity against the 
indicated PAM. 
0048 FIG. 25: Human cell EGFP disruption activity of 
SpCas9-VQR derivatives. EGFP disruption activity of the 
SpCas9 variants is a measure of activity against sites that 
contain the indicated PAM. 
0049 FIG. 26: Human cell EGFP disruption activity of 
SpCas9-VQR and -VRQR variants. EGFP disruption activ 
ity of the SpCas9 variants is a measure of activity against 
sites that contain the indicated PAM. 
0050 FIG. 27: Activity of SpCas9-VRQR derivate vari 
ants in the bacterial 2-plasmid screen. Testing of 12 different 
VQR derivative variants against sites in bacteria that contain 
NGAN PAMs, compared to the VQR and VROR variants. 
Survival on the selective plate, relative to the non-selective 
plate, is indicative of activity against the indicated PAM. 
0051 FIG. 28: Human cell EGFP disruption activity of 
SpCas9-VRQR variants. EGFP disruption activity of the 
SpCas9 variants is a measure of activity against sites that 
contain the indicated PAM. 
0052 FIG. 29 Protein domain alignment of Cas9 ortho 
logues (from FIG. 21A). The domain structure of SpCas9 is 
shown at the top (based on PDB:4UN3; Anders et al., 2014): 
the PAM contacting residues of SpCas9 are highlighted; the 
region of SaCas') mutagenized to select for altered PAM 
specificity variants is shown. 
0053 FIGS. 30A-B Primary sequence alignment of Cas9 
orthologues for identification of PAM-interacting residues; 
SEQ ID NOs: 165-176, respectively. SpCas9 residues previ 
ously identified (Anders et al., 2014: Examples 1-2) to be 
important for contacting the PAM are highlighted in blue, 
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residues capable of modulating SaCas9 PAM specificity 
(identified in this study) are highlighted in orange, and 
positively charged residues adjacent to R1015 are high 
lighted in yellow. The structurally predicted PAM-interact 
ing domain of SpCas9 is highlighted with a blue dashed line 
(based on PDB:4UN3; Anders et al., 2014), and the conser 
vative estimate of the SaCas'9 PAM-interacting domain used 
as a boundary for PCR mutagenesis is indicated with an 
orange dashed line. 
0054 FIGS. 31A-B Schematic of the bacterial positive 
selection assay (A) The selection plasmids can be modified 
to screen for Cas9 variants that are able to recognize 
alternative PAM sequences (SEQ ID NO: 1020). (B) Sche 
matic of the positive selection plasmids (left panel) and 
expected outcomes (right panel) when screening functional 
or non-functional Cas9/sgRNA pairs in the positive selection 
(SEQ ID NO: 1021). 
0055 FIG. 32 Addition of the K929R mutation to the 
KNH and KKH variants (SEQ ID NOS 41-42, 511-512, 5, 
4 and 513-5 14, respectively, in order of appearance). EGFP 
disruption activity quantified by flow cytometry; error bars 
represents.e.m. n=3, mean level of background EGFP loss 
represented by the dashed red line. 
0056 FIG. 33 Schematic of the bacterial site-depletion 
assay. Site-depletion plasmids with 8 randomized nucleo 
tides in place of the PAM that are refractory to cleavage by 
wild-type or KKH SaCas'9 are sequenced. Library 1 Spacer 
sequence, SEQID NO:964; library 2 spacer sequence, SEQ 
ID NO: 965. Targetable PAMs are inferred by their depletion 
relative to the input library, calculated as the post-selection 
PAM depletion value (PPDV). 
0057 FIGS. 34A-E Site-depletion assay results for wild 
type and KKH SaCas'9 (A) PPDV values for dCas9 control 
experiments on both libraries. The red dashed line indicates 
statistical significance (PPDV=0.794, see panel B); grey 
dashed line indicates 5-fold depletion; PPDVs for a window 
comprising the 3"/4"/5"/6" positions of the PAM are 
plotted (for this and panel C). (B) Statistically significant 
post-selection PAM depletion values (PPDVs) were deter 
mined from the dCas9 control experiments in panel A. 
Statistical significance was determined by setting the thresh 
old at 3.36 times the standard deviation. (C) Comparison of 
the PPDVs for wild-type and KKH SaCas9 for each of the 
two libraries containing 8 randomized nucleotides in place 
of the PAM. Library 1 discloses SEQ ID NOS 514, 513, 6, 
4, 42, 512, 5, 511 and 41, and Library 2 discloses SEQ ID 
NOS 513-514, 5-6, 4, 42, 41 and 511-512, respectively, in 
order of appearance. (D) and (E) PAMs and corresponding 
PPDV values for all PAMs depleted greater than 5-fold for 
wild-type and KKH SaCass), respectively. Sequence motifs 
are shown for PAMs in two categories: 1) greater than 10 
fold or 2) 5- to 10-fold depleted. 
0058 FIGS. 35A-D. Additional characteristics of endog 
enous sites targeted by KKH SaCas9 (A) Activity for each 
of the 55 endogenous site sgRNAs, binned based on the 16 
possible NRR motifs of an NNNRRT PAM. Mean activities 
from FIG. 2A are shown for this and panels B and C. (B) and 
(C) Relationship between endogenous gene disruption activ 
ity and GC content of the spacer and PAM, respectively. (D) 
Sequence logos for the spacer and PAM of target sites 
binned based on activity. Sites were grouped based on mean 
mutation frequency (from FIG. 2A) into low (0-10%, 17 
sites), medium (10-30%, 17 sites), or high (>30%, 21 sites) 
activity. 
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0059 FIGS. 36A-B On-target tag integration and muta 
genesis frequencies for GUIDE-Seq experiments (A) 
Restriction fragment length polymorphism (RFLP) analysis 
to determine the mean GUIDE-Seq tag integration frequen 
cies. Error bars represents.e.m., n=3 (for this and panel B). 
(B) Mean mutagenesis detected by T7E1 assay. 
0060 FIGS. 37A-B A truncated repeat: anti-repeat 
sgRNA outperforms the full length sgRNA, similar to pre 
vious results (Ran et al., 2015) (A) Human cell EGFP 
disruption activity for wild-type SaCas9 against 4 sites that 
contain NNGRRT (SEQID NO:46) PAMs (SEQID NOS 4, 
5 and 4, respectively, in order of appearance). EGFP dis 
ruption activity quantified by flow cytometry; error bars 
represents.e.m. n=3, mean level of background EGFP loss 
represented by dashed red line (for this and panel B). (B) 
Human cell EGFP disruption activity for KKH SaCas'9 
against 8 sites that contain NNNRRT PAMs (SEQ ID NOS 
41-42, 511-512, 5, 4 and 513-514, respectively, in order of 
appearance). 

DETAILED DESCRIPTION 

0061 Although CRISPR-Cass) nucleases are widely used 
for genome editing'', the range of sequences that Cas9 can 
cleave is constrained by the need for a specific protospacer 
adjacent motif (PAM) in the target site. For example, 
SpCas9, the most robust and widely used Cas9 to date, 
primarily recognizes NGG PAMs. As a result, it can often be 
difficult to target double-stranded breaks (DSBs) with the 
precision that is necessary for various genome editing appli 
cations. In addition, imperfect PAM recognition by Cas9 can 
lead to the creation of unwanted off-target mutations'. The 
ability to evolve Cas9 derivatives with purposefully altered 
or improved PAM specificities would address these limita 
tions but, to the present inventors knowledge, no such Cas9 
variants have been described. 
0062. A potential strategy for improving the targeting 
range of orthogonal Cas9s that recognize extended PAMs is 
to alter their PAM recognition specificities. As described 
herein, PAM recognition specificity of SpCas9 can be 
altered using a combination of structure-guided design and 
directed evolution performed with a bacterial cell-based 
selection system; see Examples 1 and 2. Also described 
herein are variants that have been evolved to have relaxed or 
partially relaxed specificities for certain positions within the 
PAM; see Example 3. These variants expand the utility of 
Cas9 orthologues that specify longer PAM sequences. 
0063 Engineered Cas9 Variants with Altered PAM 
Specificity 
0064. The SpCas9 variants engineered in this study 
greatly increase the sites accessible by wild-type SpCas9, 
further enhancing the opportunities to use the CRISPR-Cas'9 
platform to practice efficient HDR, to target NHEJ-mediated 
indels to Small genetic elements, and to exploit the require 
ment for a PAM to distinguish between two different alleles 
in the same cell. The altered PAM specificity SpCas9 
variants can efficiently disrupt endogenous gene sites that 
are not currently targetable by SpCas9 in both Zebrafish 
embryos and human cells, suggesting that they will work in 
a variety of different cell types and organisms. Importantly, 
GUIDE-seq experiments show that the global profiles of the 
VQR and VRER SpCas9 variants are similar to or better 
than those observed with wild-type SpCas9. In addition, the 
improved specificity D1135E variant that we identified and 
characterized provides a superior alternative to the widely 

Oct. 27, 2016 

used wild-type SpCas9. D1135E has similar activity to 
wild-type SpCas9 on sites with canonical NGG PAMs but 
reduces genome-wide cleavage of off-target sites bearing 
mismatched spacer sequences and either canonical or non 
canonical PAMs. 

0065 All of the SpCas9 and SaCas') variants described 
herein can be rapidly incorporated into existing and widely 
used vectors, e.g., by simple site-directed mutagenesis, and 
because they require only a small number of mutations 
contained within the PAM-interacting domain, the variants 
should also work with other previously described improve 
ments to the SpCas9 platform (e.g., truncated sgRNAs (Tsai 
et al., Nat Biotechnol 33, 187-197 (2015); Fu et al., Nat 
Biotechnol 32, 279-284 (2014)), nickase mutations (Mali et 
al., Nat Biotechnol 31, 833-838 (2013); Ranet al., Cell 154, 
1380-1389 (2013)), dimeric FokI-dCas9 fusions (Guilinger 
et al., Nat Biotechnol 32, 577-582 (2014); Tsai et al., Nat 
Biotechnol 32, 569-576 (2014)). 
0.066 Beyond the mutations to R1335 that presumably 
contact the 3rd PAM base position, the SpCas9 variants 
evolved in this study bear amino acid substitutions at D1135, 
G1218, and T1337, all of which are located near or adjacent 
to residues that make direct or indirect contacts to the 3rd 
PAM position in the SpCas9-PAM structure but do not 
themselves mediate contacts with the PAM bases (Anders et 
al., Nature 513, 569-573 (2014)) (FIG. 20A). Consistent 
with this, we found that various mutations at these positions 
do not appear to affect SpCas9-mediated cleavage of sites 
bearing an NGG PAM (FIG. 20B). These results, together 
with the nature of the amino acid substitutions at G1218 and 
T1337 in the VOR and VRER SpCas9 variants, suggest that 
alterations at these two positions may be gain-of-function 
mutations. For example, it is possible that the T1337R 
mutation is forming backbone or base-specific contacts near 
or to the 4" position of the PAM, particularly in the case of 
the VRER variant. The mechanistic role of mutations at 
D1135 remain less clear but they may perhaps influence the 
activity of the adjacent S1136 residue, which has been 
implicated in making a water-mediated contact through the 
minor groove to the guanine in the third position of the PAM 
(Anders et al., Nature 513, 569-573 (2014)). The D1135E 
mutation might improve specificity by disrupting this net 
work, perhaps reducing the overall interaction energy of the 
SpCas9/gRNA complex with the target site, a mechanism we 
have previously proposed might reduce off-target effects by 
making cleavage of these unwanted sequences less energeti 
cally favorable (Fu et al., Nat Biotechnol 32, 279-284 
(2014)). 
0067. The present results clearly establish the feasibility 
of engineering Cas9 nucleases with altered PAM specifici 
ties. Characterization of additional Cas9 orthologues (Esvelt 
et al., Nat Methods 10, 1116-1121 (2013); Fonfara et al., 
Nucleic Acids Res 42, 2577-2590 (2014)) or generation of 
domain-swapped Cas9 chimeras (Nishimasu et al., Cell. 
156(5):935-49 (2014)) as previously described also provide 
potential avenues for targeting different PAMs. The engi 
neering strategy delineated herein can also be performed 
with such orthologues or synthetic hybrid Cas9s to further 
diversify the range of targetable PAMs. St1Cas9 and SaCas9 
make particularly attractive frameworks for future engineer 
ing efforts given their smaller sizes relative to SpCas9 and 
our demonstration of their robust genome editing activities 
in our bacterial selection systems and in human cells. 
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0068. Our results strongly suggested that R1015 in wild- to evolve Cas9 nucleases with broadened PAM specificities 
type SaCas9 contacts the G in the third PAM position. is that they function in a bacterial-based selection. While 
Without wishing to be bound by theory, the R1015H sub- previous studies demonstrated that PAM recognition can be 
stitution may remove this contact and relax specificity at the altered by Swapping the PAM-interacting domains of highly 
third position; however, loss of the R1015 to G contact could related Cas9 orthologues (Nishimasu et al., Cell (2014)), it 
also conceivably reduce the energy associated with target remains to be determined whether this strategy is general 
site binding, which may explain why the R1015H mutation izable or effective when using more divergent orthologues. 
alone is not sufficient for robust activity at NNNRRT sites in By contrast, the evolution strategies we have described 
human cells. Because the E782K and N968K substitutions herein can be used engineer PAM recognition specificities 
both add positive charge, it is possible that they may make beyond those encoded within naturally occurring Cas9 
non-specific interactions with the DNA phosphate backbone orthologues. This overall strategy can be employed to 
to compensate energetically for the loss of the R1015 to expand the targeting range and extend the utility of the 
guanine contact. numerous Cas9 orthologues that exist in nature. 
0069. The genetic approach described here does not (0070 SpCas9 Variants with Altered Specificity 
require structural information and therefore should be appli- 0071. Thus, provided herein are spCas9 variants. The 
cable to many other Cas9 orthologues. The only requirement SpCas9 wild type sequence is as follows: 

(SEQ ID NO: 1) 
1O 2O 3O 4 O SO 60 

MDKKYSIGLD IGTNSWGWAW ITDEYKWPSK KFKWLGNTDR HSIKKNLIGA. LLFDSGETAE 

70 8O 90 1 OO 11O 12O 

ATRLKRTARR RYTRRKNRIC YLOEIFSNEMAKVDDSFFHR LEESFLVEED KKHERHPIFG 

13 O 14 O 150 16 O 17O 18O 
NIWDEWAYHE KYPTIYHLRK KLVDSTDKAD LRLIYLALAH MIKFRGHFLI EGDLNPDNSD 

190 2 OO 210 22O 23 O 24 O 

WDKLFIOLVO TYNOLFEENP INASGWDAKA ILSARLSKSR RLENLIAOLP GEKKNGLFGN 

250 26 O 27 O 28O 290 3 OO 

LIALSLGLTP NFKSNFDLAE DAKLOLSKDT YDDDLDNLL.A. QIGDQYADLF LAAKNLSDAI 

310 32O 330 34 O 350 360 

LLSDILRVNT EITKAPLSAS MIKRYDEHHO DLTLLKALVR OOLPEKYKEI FFDOSKNGYA 

37O 38O 390 4 OO 410 42O 

GYIDGGASOE EFYKFIKPIL EKMDGTEELL WKLNREDLLR KORTFDNGSI PHOIHLGELH 

43 O 4 4 O 450 460 470 48O 

AILRROEDFY PFLKDNREKI EKILTFRIPY YWCPLARGNS RFAWMTRKSE ETITPWNFEE 

490 5 OO 510 52O 53 O 54 O 

VVDKGASAOS FIERMTNFDK NLPNEKVLPK HSLLYEYFTV YNELTKWKYW TEGMRKPAFL 

550 560 st O 58O 590 6 OO 

SGEOKKAIVD LLFKTNRKVT WKOLKEDYFK KIECFDSVEI SGVEDRFNAS LGTYHDLLKI 

610 62O 630 64 O 650 660 

IKDKDFLDNE ENEDILEDIV LTLTLFEDRE MIEERLKTYA HLFDDKVMKO LKRRRYTGWG 

670 68O 690 7 OO 71O 72O 

RLSRKLINGI RDKOSGKTIL DFLKSDGFAN RNFMOLIHDD SLTFKEDIOK AQVSGQGDSL 

73 O 740 75O 760 770 78O 

HEHIANLAGS PAIKKGILOT WKVVDELVKV MGRHKPENIV IEMARENOTT OKGOKNSRER 

79 O 8 OO 810 82O 830 84 O 

MKRIEEGIKE LGSOILKEHP VENTOLONEK LYLYYLONGR DMYWDOELDI NRLSDYDVDH 

850 860 87O 88O 890 9 OO 

IVPOSFLKDD SIDNKVLTRS DKNRGKSDNV PSEEVVKKMK NYWROLLNAK LITORKFDNL 

910 92O 930 94 O 950 96.O 

TKAERGGLSE LDKAGFIKRO LVETROITKH WAOILDSRMN TKYDENDKLI REVKVITLKS 

97O 98O 990 1OOO 1010 102O 

KLVSDFRKDF OFYKVREINN YHHAHDAYLN AVVGTALIKK YPKLESEFVY GDYKWYDVRK 

1O3O 104 O 1OSO 1060 1070 108O 

MIAKSEOEIG KATAKYFFYS NIMNFFKTEI TLANGEIRKR PLIETNGETG EIWWDKGRDF 

1090 11 OO 1110 112O 1130 114 O 

ATVRKVLSMP OVNIVKKTEV OTGGFSKESI LPKRNSDKLI ARKKDWDPKK YGGFDSPTVA 
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- Continued 
1150 1160 1170 118O 11.90 12 OO 

YSWLWWAKWE KGKSKKLKSW KELLGITIME RSSFEKNPID FLEAKGYKEW KKDLIIKLPK 

1210 122O 1230 124 O 1250 1260 

YSLFELENGR KRMLASAGEL QKGNELALPS KYWNFLYLAS HYEKLKGSPE DNEOKOLFVE 

1270 128O 1290 13 OO 1310 132O 

OHKHYLDEII EOISEFSKRV ILADANLDKV LSAYNKHRDK PIREOAENII HLFTLTNLGA 

1330 134 O 1350 1360 

PAAFKYFDTT IDRKRYTSTK EVLDATLIHO SITGLYETRI DLSOLGGD 

0072 The SpCas9 variants described herein can include 
mutations at one or more of the following positions: D1135, 
G1218. R1335, T1337 (or at positions analogous thereto). In 
some embodiments, the SpCas9 variants include one or 
more of the following mutations: D1135V: D1135E: 
G1218R: R1335E: R1335Q; and T1337R. In some embodi 
ments, the SpCas9 variants are at least 80%, e.g., at least 
85%, 90%, or 95% identical to the amino acid sequence of 
SEQID NO:1, e.g., have differences at up to 5%, 10%, 15%, 
or 20% of the residues of SEQID NO:1 replaced, e.g., with 
conservative mutations. In preferred embodiments, the vari 
ant retains desired activity of the parent, e.g., the nuclease 
activity (except where the parent is a nickase or a dead 
Cas9), and/or the ability to interact with a guide RNA and 
target DNA). 
0073. To determine the percent identity of two nucleic 
acid sequences, the sequences are aligned for optimal com 
parison purposes (e.g., gaps can be introduced in one or both 
of a first and a second amino acid or nucleic acid sequence 
for optimal alignment and non-homologous sequences can 
be disregarded for comparison purposes). The length of a 
reference sequence aligned for comparison purposes is at 
least 80% of the length of the reference sequence, and in 
some embodiments is at least 90% or 100%. The nucleotides 
at corresponding amino acid positions or nucleotide posi 
tions are then compared. When a position in the first 
sequence is occupied by the same nucleotide as the corre 
sponding position in the second sequence, then the mol 
ecules are identical at that position (as used herein nucleic 
acid “identity” is equivalent to nucleic acid “homology’). 
The percent identity between the two sequences is a function 
of the number of identical positions shared by the sequences, 
taking into account the number of gaps, and the length of 
each gap, which need to be introduced for optimal alignment 
of the two sequences. Percent identity between two poly 
peptides or nucleic acid sequences is determined in various 
ways that are within the skill in the art, for instance, using 
publicly available computer software such as Smith Water 
man Alignment (Smith, T. F. and M. S. Waterman (1981) J 
Mol Biol 147: 195-7); “BestFit” (Smith and Waterman, 
Advances in Applied Mathematics, 482-489 (1981)) as 
incorporated into GeneMatcher PlusTM, Schwarz, and Day 
hof (1979) Atlas of Protein Sequence and Structure, Dayhof, 
M. O., Ed, pp 353–358; BLAST program (Basic Local 
Alignment Search Tool; (Altschul, S. F. W. Gish, et al. 
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(1990) J Mol Biol 215: 403-10), BLAST-2, BLAST-P, 
BLAST-N, BLAST-X, WU-BLAST-2, ALIGN, ALIGN-2, 
CLUSTAL, or Megalign (DNASTAR) software. In addition, 
those skilled in the art can determine appropriate parameters 
for measuring alignment, including any algorithms needed 
to achieve maximal alignment over the length of the 
sequences being compared. In general, for proteins or 
nucleic acids, the length of comparison can be any length, up 
to and including full length (e.g., 5%, 10%, 20%, 30%, 40%, 
50%. 60%, 70%, 80%, 90%, 95%, or 100%). For purposes 
of the present compositions and methods, at least 80% of the 
full length of the sequence is aligned using the BLAST 
algorithm and the default parameters. 
0074 For purposes of the present invention, the compari 
Son of sequences and determination of percent identity 
between two sequences can be accomplished using a Blos 
Sum 62 scoring matrix with a gap penalty of 12, a gap extend 
penalty of 4, and a frameshift gap penalty of 5. 
0075 Conservative substitutions typically include substi 
tutions within the following groups: glycine, alanine; Valine, 
isoleucine, leucine; aspartic acid, glutamic acid, asparagine, 
glutamine; serine, threonine; lysine, arginine; and phenyl 
alanine, tyrosine. 
0076. In some embodiments, the SpCas9 variants include 
one of the following sets of mutations: D1135 V/R1335Q/ 
T1337R (VQR variant); D1135V/G1218R/R1335Q/ 
T1337R (VRQR variant); D1135E/R1335Q/T1337R (EQR 
variant); or D1135 V/G1218R/R1335E/T1337R (VRER 
variant). 
0077. In some embodiments, the SpCas9 variants also 
include one of the following mutations, which reduce or 
destroy the nuclease activity of the Cas9: D10, E762, D839, 
H983, or D986 and H840 or N863, e.g., D10A/D10N and 
H840A/H840N/H840Y, to render the nuclease portion of the 
protein catalytically inactive; Substitutions at these positions 
could be alanine (as they are in Nishimasu al., Cell 156, 
935-949 (2014)), or other residues, e.g., glutamine, aspara 
gine, tyrosine, serine, or aspartate, e.g., E762Q, H983N, 
H983Y, D986N, N863D, N863S, or N863H (see WO 2014/ 
152432). In some embodiments, the variant includes muta 
tions at D10A or H840A (which creates a single-strand 
nickase), or mutations at D10A and H840A (which abro 
gates nuclease activity; this mutant is known as dead Cas9 
or dCas9). 
0078. Also provided herein are SaCas'9 variants. The 
SaCas9 wild type sequence is as follows: 

(SEQ ID NO: 
SO 

2) 

MKRNYILGLD IGITSWGYGI IDYETRDWID AGWRLFKEAN WENNEGRRSK 

6 O 70 8O 90 1OO 

RGARRLKRRR RHRIORVKKL LFDYNLLTDH SELSGINPYE ARVKGLSOKL 
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11O 
SEEEFSAALL 

16 O 

AELOLERLKK 

210 
YIDLLETRRT 

26 O 
YNADLYNALN 

310 
KEILWNEEDI 

360 

IAKILTIYOS 

410 
NLILDELWHT 

460 

KRSFIOSIKV 

510 
TNERIEEIIR 

560 
FNYEWDHIIP 

610 
YETFKKHILN 

660 
YATRGLMNLL 

71O 
HAEDALIIAN 

760 

KEIFITPHOI 

810 
IWNNLNGLYD 

860 
KNPLYKYYEE 

910 
RNKWWKLSLK 

96.O 

KKLKKISNOA 

1010 
YREYLENNIND 

0079 

12O 
HLAKRRGWHN 

17O 
DGEWRGSINR 

22O 
YYEGPGEGSP 

27 O 
DLNNL WITRD 

37O 

SEDIOEELTN 

42O 

NDNOIAIFNR 

470 
INAIIKKYGL 

52O 
TTGKENAKYL 

st O 
RSWSFDNSFN 

62O 
LAKGKGRISK 

670 
RSYFRVNNLD 

72O 
ADFIFKEWKK 

770 
KHIKDFKDYK 

97O 
EFIASFYNND 

102O 
KRPPRIKTI 

- Continued 

13 O 
WNEWEEDTGN 

18O 
FKTSDYWKEA. 

23 O 
FGWKDIKEWY 

28O 
ENEKLEYYEK 

330 
PEFTNLKWYH 

38O 

LNSELTOEEI 

48O 
PNDIIIELAR 

53 O 

IEKIKLHDMQ 

630 
TKKEYLLEER 

68O 
WKWKSINGGF 

73 O 
LDKAKKWMEN 

830 
NKSPEKLLMY 

88O 
KDNGPWIKKI 

98O 
LIKINGELYR 

1O3O 

ASKTOSIKKY 

14 O 

ELSTKEQISR 

190 

KOLLKVOKAY 

24 O 
EMLMGHCTYF 

290 

FOIIENWFKO 

34 O 
DIKDITARKE 

390 

EOISNLKGYT 

4 4 O 

SOOKEIPTTL 

490 

EKNSKIDAOKM 

54 O 
EGKCLYSLEA 

590 

SKKGNRTPFO 

64 O 

DINRFSVOKD 

690 
TSFLRRKWKF 

740 

QMFEEKOAES 

79 O 
RELINDTLYS 

84 O 

HHDPOTYOKL 

890 
KYYGNKLNAH 

94 O 
LDWIKKENYY 

990 
WIGWNNDLLN 

104 O 
STDILGNLYE 

12 

150 
NSKALEEKYW 

2 OO 

HOLDOSFIDT 

250 
PEELRSWKYA 

3 OO 

KKKPTLKOIA 

350 

IIENAELLDQ 

4 OO 
GTHNLSLKAI 

WDDFI 

INEMO 

IPLED 

YLSSS 

FINRN 

7 OO 
KKERN 

450 
SPWW 

5 OO 

KRNRO 

550 
LNNP 

6 OO 
DSKIS 

650 
WDTR 

MPEIETEOEY 

8 OO 
TRKDDKGNTL 

850 

KLIMEQYGDE 

9 OO 
LDITDDYPNS 

950 
EWNSKCYEEA 

RIEWNMIDIT 

1OSO 

WKSKKHPOII 

The SaCas9 variants described herein include 
mutations at one or more of the following positions: E782, 
N968, and/or R1015 (or at positions analogous thereto). In 
Some embodiments, the variants include one or more of the 
following mutations: R1015Q, R1015H, E782K, N968K, 
E735K, K929R, A1021T, K1044N. In some embodiments, 
the SaCas9 variants include mutations E782K, K929R, 
N968K, and R1015X, wherein X is any amino acid other 
than R. In some embodiments, the SaCas9 variants are at 
least 80%, e.g., at least 85%, 90%, or 95% identical to the 
amino acid sequence of SEQID NO:2, e.g., have differences 
at up to 5%, 10%, 15%, or 20% of the residues of SEQ ID 
NO:2 replaced, e.g., with conservative mutations. In pre 
ferred embodiments, the variant retains desired activity of 
the parent, e.g., the nuclease activity (except where the 
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parent is a nickase or a dead Cas9), and/or the ability to 
interact with a guide RNA and target DNA). 
0080. In some embodiments, the SaCas9 variants also 
include one of the following mutations, which may reduce 
or destroy the nuclease activity of the SaCas'9: D10A, 
D556A, H557A, N580A, e.g., D10A/H557A and/or D10A/ 
D556A/H557A/N580A, to render the nuclease portion of the 
protein catalytically inactive; Substitutions at these positions 
could be alanine (as they are in Nishimasu al., Cell 156, 
935-949 (2014)), or other residues, e.g., glutamine, aspara 
gine, tyrosine, serine, or aspartate. In some embodiments, 
the variant includes mutations at D10A, D556A, H557A, or 
N580A (which may create a single-strand nickase), or muta 
tions at D10A/H557A and/or D10A/D556A/H557A/N580A 



US 2016/0312199 A1 

may (which may abrogate nuclease activity by analogy to 
SpCas9; these are referred to as dead Cas9 or dCas9). 
0081. Also provided herein are isolated nucleic acids 
encoding the SpCas9 and/or SaCas9 variants, vectors com 
prising the isolated nucleic acids, optionally operably linked 
to one or more regulatory domains for expressing the variant 
proteins, and host cells, e.g., mammalian host cells, com 
prising the nucleic acids, and optionally expressing the 
variant proteins. 
0082. The variants described herein can be used for 
altering the genome of a cell; the methods generally include 
expressing the variant proteins in the cells, along with a 
guide RNA having a region complementary to a selected 
portion of the genome of the cell. Methods for selectively 
altering the genome of a cell are known in the art, see, e.g., 
U.S. Pat. No. 8,697,359; US2010/0076057; US2011/ 
0189776; US2011/0223638; US2013/0130248: WO/2008/ 
108989; WO/2010/054108; WO/2012/164565; WO/2013/ 
O98244: WO/2013/176772; US20150050699; 
US2015004.5546; US2015003 1134; US2015.0024500; 
US20140377868; US20140357530; US201403494.00; 
US20140335620; US201403.35063; US20140315985; 
US201403.10830; US201403.10828; US20140309487; 
US20140304853; US20140298.547; US20140295556; 
US20140294773; US20140287938; US20140273234; 
US20140273232; US20140273231; US20140273230; 
US20140271987; US20140256046; US20140248702; 
US20140242702; US20140242700; US20140242699; 
US20140242664; US20140234972; US20140227787; 
US20140212869; US20140201857; US20140199767; 
US20140189896; US20140186958; US20140186919; 
US20140186843; US20140179770; US20140179006; 
US20140170753: Makarova et al., “Evolution and classifi 
cation of the CRISPR-Cas systems' 9(6) Nature Reviews 
Microbiology 467-477 (1-23) (June 2011); Wiedenheft et 
al., “RNA-guided genetic silencing systems in bacteria and 
archaea 482 Nature 331-338 (Feb. 16, 2012); Gasiunas et 
al., “Cas9-crRNA ribonucleoprotein complex mediates spe 
cific DNA cleavage for adaptive immunity in bacteria' 
109(39) Proceedings of the National Academy of Sciences 
USA E2579-E2586 (Sep. 4, 2012); Jineket al., “A Program 
mable Dual-RNA-Guided DNA Endonuclease in Adaptive 
Bacterial Immunity” 337 Science 816-821 (Aug. 17, 2012): 
Carroll, “A CRISPR Approach to Gene Targeting 20(9) 
Molecular Therapy 1658-1660 (September 2012); U.S. 
Appl. No. 61/652,086, filed May 25, 2012: Al-Attar et al., 
Clustered Regularly Interspaced Short Palindromic Repeats 
(CRISPRs): The Hallmark of an Ingenious Antiviral 
Defense Mechanism in Prokaryotes, Biol Chem. (2011) vol. 
392, Issue 4, pp. 277-289; Hale et al., Essential Features and 
Rational Design of CRISPR RNAs That Function With the 
Cas RAMP Module Complex to Cleave RNAs, Molecular 
Cell, (2012) vol. 45, Issue 3, 292-302. 
0083. The variant proteins described herein can be used 
in place of the SpCas9 proteins described in the foregoing 
references with guide RNAS that target sequences that have 
PAM sequences according to the following Table 4. 

TABL E 4. 

Variant 
protein Stronger PAM Weaker PAM 

SpCase-D1135E NGG NAG, NGA, and NNGG 

SpCase-VQR NGAN and NGCG NGGG NGTG, and NAAG 

SpCase-WRQR NGAN 
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TABLE 4 - continued 

Variant 
protein Stronger PAM Weaker PAM 

SpCase-EQR NGAG NGAT, NGAA, and NGCG 

SpCase-VRER NGCG NGCA, NGCC, and NGCT 

SaCase - KKH NNNRRT 

SaCase-KKQ NNRRRT NNNRRT 
(SEQ ID NO: 45) 

SaCase - KKE NNCRRT NNNRRT 

(SEO ID NO: 47) 

SaCase - NNTRRT NNNRRT 

(KKL or KKM) (SEQ ID NO: 48) 

0084. In addition, the variants described herein can be 
used in fusion proteins in place of the wild-type Cas9 or 
other Cas9 mutations (such as the dCas9 or Cas9 nickase 
described above) as known in the art, e.g., a fusion protein 
with a heterologous functional domains as described in WO 
2014/124284. For example, the variants, preferably com 
prising one or more nuclease-reducing or killing mutation, 
can be fused on the N or C terminus of the Cas9 to a 
transcriptional activation domain or other heterologous 
functional domains (e.g., transcriptional repressors (e.g., 
KRAB, ERD, SID, and others, e.g., amino acids 473-530 of 
the ets2 repressor factor (ERF) repressor domain (ERD), 
amino acids 1-97 of the KRAB domain of KOX1, or amino 
acids 1-36 of the Mad mSIN3 interaction domain (SID); see 
Beerli et al., PNAS USA95:14628-14633 (1998)) or silenc 
ers such as Heterochromatin Protein 1 (HP1, also known as 
swiG), e.g., HP1C. or HP1B: proteins or peptides that could 
recruit long non-coding RNAs (IncRNAs) fused to a fixed 
RNA binding sequence such as those bound by the MS2 coat 
protein, endoribonuclease Csy4, or the lambda N protein; 
enzymes that modify the methylation state of DNA (e.g., 
DNA methyltransferase (DNMT) or TET proteins); or 
enzymes that modify histone subunits (e.g., histone acetyl 
transferases (HAT), histone deacetylases (HDAC), histone 
methyltransferases (e.g., for methylation of lysine or argi 
nine residues) or histone demethylases (e.g., for demethyl 
ation of lysine or arginine residues)) as are known in the art 
can also be used. A number of sequences for Such domains 
are known in the art, e.g., a domain that catalyzes hydroxy 
lation of methylated cytosines in DNA. Exemplary proteins 
include the Ten-Eleven-Translocation (TET)1-3 family, 
enzymes that converts 5-methylcytosine (5-mC) to 5-hy 
droxymethylcytosine (5-hmC) in DNA. 
I0085 Sequences for human TET1-3 are known in the art 
and are shown in the following table: 

GenBank Accession Nos. 

Gene Amino Acid Nucleic Acid 

TET1 NP 08.5128.2 NM 03.0625.2 
TET2: NP 001120680.1 (var 1) NM OO1127208.2 

NP 060098.3 (var 2) NM O17628.4 
TET3 NP 659430.1 NM 144993.1 

Variant(1) represents the longer transcript and encodes the longer isoform(a), Variant(2) 
differs in the 5' UTR and in the 3' UTR and coding sequence compared to variant 1. The 
resulting isoform (b) is shorter and has a distinct C-terminus compared to isoform a. 

I0086. In some embodiments, all or part of the full-length 
sequence of the catalytic domain can be included, e.g., a 
catalytic module comprising the cysteine-rich extension and 
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the 20GFelDO domain encoded by 7 highly conserved 
exons, e.g., the Tett catalytic domain comprising amino 
acids 1580-2052, Tet2 comprising amino acids 1290-1905 
and Tet3 comprising amino acids 966-1678. See, e.g., FIG. 
1 of Iyer et al., Cell Cycle. 2009 Jun. 1; 8(11):1698-710. 
Epub 2009 Jun. 27, for an alignment illustrating the key 
catalytic residues in all three Tet proteins, and the Supple 
mentary materials thereof for full length sequences (see, 
e.g., Seq 2c); in Some embodiments, the sequence includes 
amino acids 1418-2136 of Tett or the corresponding region 
in Tet2/3. 
0087. Other catalytic modules can be from the proteins 
identified in Iyer et al., 2009. 
0088. In some embodiments, the heterologous functional 
domain is a biological tether, and comprises all or part of 
(e.g., DNA binding domain from) the MS2 coat protein, 
endoribonuclease Csy4, or the lambda N protein. These 
proteins can be used to recruit RNA molecules containing a 
specific stem-loop structure to a locale specified by the 
dCas9 gRNA targeting sequences. For example, a dCas9 
variant fused to MS2 coat protein, endoribonuclease Csy4, 
or lambda N can be used to recruit a long non-coding RNA 
(IncRNA) such as XIST or HOTAIR; see, e.g., Keryer 
Bibens et al., Biol. Cell 100:125-138 (2008), that is linked 
to the Csy4, MS2 or lambda N binding sequence. Alterna 
tively, the Csy4, MS2 or lambda N protein binding sequence 
can be linked to another protein, e.g., as described in 
Keryer-Bibens et al., Supra, and the protein can be targeted 
to the dCas9 variant binding site using the methods and 
compositions described herein. In some embodiments, the 
Csy4 is catalytically inactive. In some embodiments, the 
Cas9 variant, preferably a dCas9 variant, is fused to FokI as 
described in WO 2014/204578. 

0089. In some embodiments, the fusion proteins include 
a linker between the dCas9 variant and the heterologous 
functional domains. Linkers that can be used in these fusion 
proteins (or between fusion proteins in a concatenated 
structure) can include any sequence that does not interfere 
with the function of the fusion proteins. In preferred embodi 
ments, the linkers are short, e.g., 2-20 amino acids, and are 
typically flexible (i.e., comprising amino acids with a high 
degree of freedom such as glycine, alanine, and serine). In 
Some embodiments, the linker comprises one or more units 
consisting of GGGS (SEQID NO:188) or GGGGS (SEQ ID 
NO:189), e.g., two, three, four, or more repeats of the GGGS 
(SEQID NO:188) or GGGGS (SEQID NO:189) unit. Other 
linker sequences can also be used. 
0090 Expression Systems 
0091 To use the Cas9 variants described herein, it may 
be desirable to express them from a nucleic acid that encodes 
them. This can be performed in a variety of ways. For 
example, the nucleic acid encoding the Cas9 variant can be 
cloned into an intermediate vector for transformation into 
prokaryotic or eukaryotic cells for replication and/or expres 
Sion. Intermediate vectors are typically prokaryote vectors, 
e.g., plasmids, or shuttle vectors, or insect vectors, for 
storage or manipulation of the nucleic acid encoding the 
Cas9 variant for production of the Cas9 variant. The nucleic 
acid encoding the Cas9 variant can also be cloned into an 
expression vector, for administration to a plant cell, animal 
cell, preferably a mammalian cell or a human cell, fungal 
cell, bacterial cell, or protozoan cell. 
0092. To obtain expression, a sequence encoding a Cas9 
variant is typically subcloned into an expression vector that 
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contains a promoter to direct transcription. Suitable bacterial 
and eukaryotic promoters are well known in the art and 
described, e.g., in Sambrook et al., Molecular Cloning. A 
Laboratory Manual (3d ed. 2001); Kriegler, Gene Transfer 
and Expression: A Laboratory Manual (1990); and Current 
Protocols in Molecular Biology (Ausubel et al., eds., 2010). 
Bacterial expression systems for expressing the engineered 
protein are available in, e.g., E. coli, Bacillus sp., and 
Salmonella (Palva et al., 1983, Gene 22:229-235). Kits for 
Such expression systems are commercially available. 
Eukaryotic expression systems for mammalian cells, yeast, 
and insect cells are well known in the art and are also 
commercially available. 
0093. The promoter used to direct expression of a nucleic 
acid depends on the particular application. For example, a 
strong constitutive promoter is typically used for expression 
and purification of fusion proteins. In contrast, when the 
Cas9 variant is to be administered in vivo for gene regula 
tion, either a constitutive or an inducible promoter can be 
used, depending on the particular use of the Cas9 variant. In 
addition, a preferred promoter for administration of the Cas9 
variant can be a weak promoter, such as HSV TK or a 
promoter having similar activity. The promoter can also 
include elements that are responsive to transactivation, e.g., 
hypoxia response elements, GalA response elements, lac 
repressor response element, and Small molecule control 
systems such as tetracycline-regulated systems and the 
RU-486 system (see, e.g., Gossen & Bujard, 1992, Proc. 
Natl. Acad. Sci. USA, 89:5547: Oligino et al., 1998, Gene 
Ther. 5:491-496; Wang et al., 1997, Gene Ther., 4:432-441: 
Neering et al., 1996, Blood, 88:1147-55; and Rendahl et al., 
1998, Nat. Biotechnol., 16:757-761). 
0094. In addition to the promoter, the expression vector 
typically contains a transcription unit or expression cassette 
that contains all the additional elements required for the 
expression of the nucleic acid in host cells, either prokary 
otic or eukaryotic. A typical expression cassette thus con 
tains a promoter operably linked, e.g., to the nucleic acid 
sequence encoding the Cas9 variant, and any signals 
required, e.g., for efficient polyadenylation of the transcript, 
transcriptional termination, ribosome binding sites, or trans 
lation termination. Additional elements of the cassette may 
include, e.g., enhancers, and heterologous spliced intronic 
signals. 
0.095 The particular expression vector used to transport 
the genetic information into the cell is selected with regard 
to the intended use of the Cas9 variant, e.g., expression in 
plants, animals, bacteria, fungus, protozoa, etc. Standard 
bacterial expression vectors include plasmids such as 
pBR322 based plasmids, pSKF, pET23D, and commercially 
available tag-fusion expression systems such as GST and 
Lacz. 
0096 Expression vectors containing regulatory elements 
from eukaryotic viruses are often used in eukaryotic expres 
sion vectors, e.g., SV40 vectors, papilloma virus vectors, 
and vectors derived from Epstein-Barr virus. Other exem 
plary eukaryotic vectors include pMSG, p.AV009/A+, 
pMTO10/A+, pMAMneo-5, baculovirus plSVE, and any 
other vector allowing expression of proteins under the 
direction of the SV40 early promoter, SV40 late promoter, 
metallothionein promoter, murine mammary tumor virus 
promoter, Rous sarcoma virus promoter, polyhedrin pro 
moter, or other promoters shown effective for expression in 
eukaryotic cells. 
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0097. The vectors for expressing the Cas9 variants can 
include RNA Pol III promoters to drive expression of the 
guide RNAs, e.g., the H1, U6 or 7SK promoters. These 
human promoters allow for expression of Cas9 variants in 
mammalian cells following plasmid transfection. 
0098. Some expression systems have markers for selec 
tion of stably transfected cell lines such as thymidine kinase, 
hygromycin B phosphotransferase, and dihydrofolate reduc 
tase. High yield expression systems are also suitable. Such as 
using a baculovirus vector in insect cells, with the gRNA 
encoding sequence under the direction of the polyhedrin 
promoter or other strong baculovirus promoters. 
0099. The elements that are typically included in expres 
sion vectors also include a replicon that functions in E. coli, 
a gene encoding antibiotic resistance to permit selection of 
bacteria that harbor recombinant plasmids, and unique 
restriction sites in nonessential regions of the plasmid to 
allow insertion of recombinant sequences. 
0100 Standard transfection methods are used to produce 

bacterial, mammalian, yeast or insect cell lines that express 
large quantities of protein, which are then purified using 
standard techniques (see, e.g., Colley et al., 1989, J. Biol. 
Chem., 264:17619-22: Guide to Protein Purification, in 
Methods in Enzymology, Vol. 182 (Deutscher, ed., 1990)). 
Transformation of eukaryotic and prokaryotic cells are per 
formed according to standard techniques (see, e.g., Morri 
son, 1977, J. Bacteriol. 132:349-351; Clark-Curtiss & Cur 
tiss, Methods in Enzymology 101:347-362 (Wu et al., eds. 
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include the use of calcium phosphate transfection, poly 
brene, protoplast fusion, electroporation, nucleofection, 
liposomes, microinjection, naked DNA, plasmid vectors, 
viral vectors, both episomal and integrative, and any of the 
other well-known methods for introducing cloned genomic 
DNA, cDNA, synthetic DNA or other foreign genetic mate 
rial into a host cell (see, e.g., Sambrook et al., Supra). It is 
only necessary that the particular genetic engineering pro 
cedure used be capable of Successfully introducing at least 
one gene into the host cell capable of expressing the Cas9 
variant. 
0102 The present invention includes the vectors and cells 
comprising the vectors. 

EXAMPLES 

0103) The invention is further described in the following 
examples, which do not limit the scope of the invention 
described in the claims. 

0104 Methods 
0105. The following materials and methods were used in 
Examples 1 and 2. 
0106 Plasmids and Oligonucleotides 
0107 Schematic maps and DNA sequences for parent 
constructs used in this study can be found in FIGS. 5A-J and 
SEQ ID NOS:7-20. Sequences of oligonucleotides used to 
generate the positive selection plasmids, negative selection 

1983). plasmids, and site-depletion libraries are available in Table 
0101 Any of the known procedures for introducing for- 1. Sequences of all gRNA targets in this study are available 
eign nucleotide sequences into host cells may be used. These in Table 2. Point mutations in Cas9 were generated by PCR. 

TABLE 1. 

SEQ 
ID 
NO: 

Oligos used to generate positive and negative selection plasmids 

sequence description 

ctagaGGGCACGGGCAGCTTGCCGGTGGg catg top oligo to clone site 1 into the 90 
positive selection vector (Xbal/SphI cut 
p11-lacY-wtx1) 

cCCACCGGCAAGCTGCCCGTGCCCt bottom oligo to clone site 1 into the 91 
positive selection vector 

ctagaGGTCGCCCTCGAACTTCACCTCGGgcatg top oligo to clone site 2 into the 92 
positive selection vector (Xbal/SphI cut 
p11-lacY-wtx1) 

cCCGAGGTGAAGTTCGAGGGCGACCt bottom oligo to clone site 2 into the 93 
positive selection vector 

aattcGGGCACGGGCAGCTTGCCGGTGGg catg top oligo to clone site 1 into the 94 
negative selection vector (EcoRI/SphI cut 
p11-lacY-wtx1) 

cCCACCGGCAAGCTGCCCGTGCCCg bottom oligo to clone site 1 into the 95 
negative selection vector 

aattcGGTCGCCCTCGAACTTCACCTCGGgcatg top oligo to clone site 2 into the 96 
negative selection vector (EcoRI/SphI cut 
p11-lacY-wtx1) 

cCCGAGGTGAAGTTCGAGGGCGACCd bottom oligo to clone site 2 into the 97 
negative selection vector 

Oligos used to generate libraries for site-depletion experiments 

sequence description 

GCAGgaattcGGGCACGGGCAGCTTGCCGGN top strand oligo for site 1 PAM library, cut 198 
NNNNNCTNNNGCGCAGGTCACGAGGCATG 

GCAGgaattcCTCGCCCTCGAACTTCACCTN 
NNNNNCTNNNGCGCAGGTCACGAGGCATG 

A5Phos/ccTcGTGAccTGcGc 

With EcoRI once filled in 
top strand oligo for site 2 PAM library, cut 199 
With EcoRI once filled in 
reverse primer to fill in library oligos 2 OO 
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TABLE 

16 

1- Continued 

Primers used to amplify site-depletion libraries for sequencing 

sequence 

GATACCGCTCGCCGCAGC 
CTGCGTTCTGATTTAATCTGTATCAGGC 

description 

forward primer 
reverse primer 

Primers used for T7E1 experiments 
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SEQ 
ID 
NO : 

2O3 
2O4. 

2O5 
2O6 
2O7 

2O8 
209 
21 O 

211 

sequence description 

GGAGATGTAAATCACCTCCATCTGA forward primer targeted to th1 in zebrafish 
ATGTTAGCCTACCTCGAAAACCTTC reverse primer targeted to th1 in zebrafish 
CCTGTGCTCTCC TOTTTTTAGGTAT forward primer targeted to tial L in zebrafish 
AACATGGTAAGAAGCGTGAGTGTTT reverse primer targeted to tia1L in zebrafish 
CAGGCTGTTGAACCGTAGATTTAGT forward primer targeted to fh in zebrafish 
TCCACATGTTTTGAGTTTGAGAGTC reverse primer targeted to fh in zebrafish 
GGAGCAGCTGGTCAGAGGGG forward primer targeted to EMX1 in U2OS human cells 
CCATAGGGAAGGGGGACACTGG reverse primer targeted to EMX1 in U2OS human cells 
GGGCCGGGAAAGAGTTGCTG forward primer tar 

geted to FANCF in U2OS human cells 
GCCC TACATCTGCTCTCCC, TCC reverse primer tar 

geted to FANCF in U2OS human cells 
CCAGCACAACTTACTCGCACTTGAC forward primer tar 

geted to RUNX1 in U2OS human cells 
CATCACCAACCCACAGCCAAGG reverse primer tar 

geted to RUNX1 in U2OS human cells 
GATGAGGGCTCCAGATGGCAC forward primer tar 

geted to VEGFA in U2OS human cells 
GAGGAGGGAGCAGGAAAGTGAGG reverse primer tar 

geted to VEGFA in U2OS human cells 

TABLE 2 

S. pyogenes gRNAs 
EGFP 

NXX gRNAs 

Spacer SEQ 
length ID Sequence with extended 

Prep Name Name (nt) Sequence NO : PAM 

FYF132O NGG 1-2O 2O GGGCACGGGCAGCTTGCCGG 217 GGGCACGGGCAGCTTGCCGGTGGT 
BPK1345 NGG 2-2O 2O GTCGCCCTCGAACTTCACCT 219 GTCGCCCTCGAACTTCACCTCGGC 
MSP792 NGG 3-2O 2O GGTCGCCACCATGGTGAGCA 221 GGTCGCCACCATGGTGAGCAAGGG 
MSP79. NGG 4-2O 2O GGTCAGGGTGGTCACGAGGG 223 GGTCAGGGTGGTCACGAGGGTGGG 
FYF1328 NGG 5-2O 2O GGTGGTGCAGATGAACTTCA 225 GGTGGTGCAGATGAACTTCAGGGT 
MSP160 NAG 1-2O 2O GGGTGGTGCCCATCCTGGTC 227 GGGTGGTGCCCATCCTGGTCGAGC 
MSP161 NAG 2-2O 2O GACGTAAACGGCCACAAGTT 229 GACGTAAACGGCCACAAGTTCAGC 
MSP162 NAG 3-2O 2O GTGCAGATGAACTTCAGGGT 231 GTGCAGATGAACTTCAGGGTCAGC 
MSP163 NAG 4-2O 2O GGGTGGTCACGAGGGTGGGC 233. GGGTGGTCACGAGGGTGGGCCAGG 
MSP164 NAA 1-2O 2O GGTCGAGCTGGACGGCGACG 235 GGTCGAGCTGGACGGCGACGTAAA 
MSP1.65 NAA 2-2O 2O GTCGAGCTGGACGGCGACGT 237 GTCGAGCTGGACGGCGACGTAAAC 
MSP168 NGA 1-2O 2O GGGGTGGTGCCCATCCTGGT 239 GGGGTGGTGCCCATCCTGGTCGAG 
MSP366 NGA 2-2O 2O GCCACCATGGTGAGCAAGGG 241 GCCACCATGGTGAGCAAGGGCGAG 
MSP171 NGA 3-2O 2O GTCGCCGTCCAGCTCGACCA 243 GTCGCCGTCCAGCTCGACCAGGAT 
BPK1466 NGA 4-2O 2O GCATCGCCCTCGCCCTCGCC 245 GCATCGCCCTCGCCCTCGCCGGAC 
BPK1468 NGA 5-2O 2O GTTCGAGGGCGACACCCTGG 247 GTTCGAGGGCGACACCCTGGTGAA 

NGXX gRNAs 

Spacer SEQ 
length ID Sequence with extended 

Prep Name Name (nt) Sequence NO : PAM 

BPK1468 NGAA 1-2O 2O GTTCGAGGGCGACACCCTGG 249 GTTCGAGGGCGACACCCTGGTGAA 
MSP8 Of NGAA 2-2O 2O GTTCACCAGGGTGTCGCCCT 251 GTTCACCAGGGTGTCGCCCTCGAA 
BPK1469 NGAA. 3-2O 2O GCAGAAGAACGGCATCAAGG 253, GCAGAAGAACGGCATCAAGGTGAA 
MSP787 NGAA. 3-17 17 GAAGAACGGCATCAAGG 255 GAAGAACGGCATCAAGGTGAA 
MSP170 NGAC 1-2O 2O GCCCACCCTCGTGACCACCC 257. GCCCACCCTCGTGACCACCCTGAC 
MSP79 O NGAC 2-2O 2O GCCCTTGCTCACCATGGTGG 259. GCCCTTGCTCACCATGGTGGCGAC 

212 

213 

214 

215 

216 

SEO ID 
NO : 

218 
22 O 
222 
224 
226 
228 
23 O 
232 
234 
236 
238 
24 O 
242 
244 
246 
248 

SEO ID 
NO : 

25 O. 
252. 
254 . 
256. 
258. 
26 O. 
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TABLE 2 - continued 

WEGFA 

Spacer SEQ 
length ID Sequence with extended SEO ID 

Prep Name Name (nt) Sequence NO : PAM NO : 

WC228 NGG 1-2O 2O GGTGAGTGAGTGTGTGCGTG 369. GGTGAGTGAGTGTGTGCGTGTGGG 37 O. 
MSP830 NGG 2-2O 2O GTTGGAGCGGGGAGAAGGCC 371. GTTGGAGCGGGGAGAAGGCCAGGG 372. 
BPK1846 NGA 1-2O 2O GCGAGCAGCGTCTTCGAGAG 373. GCGAGCAGCGTCTTCGAGAGTGAG 374. 
BPK1848 NGA 2-2O 2O GACGTGTGTGTCTGTGTGGG 37s. GACGTGTGTGTCTGTGTGGGTGAG 376. 
BPK1850 NGA 3-2O 2O GGTTGAGGGCGTTGGAGCGG 377. GGTTGAGGGCGTTGGAGCGGGGAG 378. 
MSP831 NGA 4-2O 2O GCTTTGGAAAGGGGGTGGGG 379. GCTTTGGAAAGGGGGTGGGGGGAG 38 O. 
MSP1074 NGCG 1-2O 2O GCAGACGGCAGTCACTAGGG 381. GCAGACGGCAGTCACTAGGGGGCG 382. 
MSP1075 NGCG 2-2O 2O GCTGGGTGAATGGAGCGAGC 383. GCTGGGTGAATGGAGCGAGCAGCG 384. 
MSP1 O76 NGCG 3-19 19 GTGTGGGTGAGTGAGTGTG 385. GTGTGGGTGAGTGAGTGTGTGCG 386. 
MSP1 Off NGCG 4 - 19 19 GTGTGCGTGTGGGGTTGAG 387. GTGTGCGTGTGGGGTTGAGGGCG 388. 

S. aureus gRNAs 
EGFP 

Spacer SEQ SEQ 
Prep length ID Sequence with extended ID 
Name Name (nt) Sequence NO : PAM NO : 

MSP1395 Site 1-2O 2O GTCGTGCTGCTTCATGTGGT 389. GTCGTGCTGCTTCATGTGGTCGGGGT 39 O. 
MSP14 OS Site 1-23 23 GAAGTCGTGCTGCTTCATGTGGT 391 GAAGTCGTGCTGCTTCATGTGGTCGGGGT 392. 
MSP1396 Site 2-21 21 GCCGGTGGTGCAGATGAACTT 393 GCCGGTGGTGCAGATGAACTTCAGGGT 394. 
MSP1397 Site 3-21 21 GCCGTAGGTCAGGGTGGTCAC 395. GCCGTAGGTCAGGGTGGTCACGAGGGT 396. 
MSP14 OO Site 4-21 21 GCAACATCCTGGGGCACAAGC 397, GCAACATCCTGGGGCACAAGCTGGAGT 398. 
MSP14 O4 Site 4-22 22 GGCAACATCCTGGGGCACAAGC 399 GGCAACATCCTGGGGCACAAGCTGGAGT 4 OO. 
MSP1398 Site 5-21 21 GAAGCACTGCACGCCGTAGGT 4O1 GAAGCACTGCACGCCGTAGGTCAGGGT 4O2. 
MSP1408 Site 5-24 24 GCTGAAGCACTGCACGCCGTAGGT 4 O3. GCTGAAGCACTGCACGCCGTAGGTCAGGGT 4O4. 
MSP1428 Site 6-21 21 GCCCTCGAACTTCACCTCGGC 4. Os. GCCCTCGAACTTCACCTCGGCGCGGGT 4O6. 
MSP1409 Site 6-24 24 GTCGCCCTCGAACTTCACCTCGGC 4O7. GTCGCCCTCGAACTTCACCTCGGCGCGGGT 408. 
MSP1403 Site 7-22 22 GCAAGGGCGAGGAGCTGTTCAC 4O9. GCAAGGGCGAGGAGCTGTTCACCGGGGT 41 O. 
MSP14 O6 Site 7-24 24 GAGCAAGGGCGAGGAGCTGTTCAC 411. GAGCAAGGGCGAGGAGCTGTTCACCGGGGT 412. 
MSP1410 Site 8-24 24 GCCCTTCAGCTCGATGCGGTTCAC 413 GCCCTTCAGCTCGATGCGGTTCACCAGGGT 414. 

S. thermophilus 1 gRNAs 
EGFP 

Spacer SEQ SEQ 
Prep length ID Sequence with extended ID 
Name Name (nt) Sequence NO : PAM NO : 

MSP1412 Site 1-2O 2O GTCTATATCATGGCCGACAA 415 GTCTATATCATGGCCGACAAGCAGAA 416. 
MSP1414 Site 2-21 21 GCAGCTCGCCGACCACTACCA 417. GCAGCTCGCCGACCACTACCAGCAGAA 418. 
MSP1417 Site 2-23 23 GTGCAGCTCGCCGACCACTACCA. 419. GTGCAGCTCGCCGACCACTACCAGCAGAA 42 O. 
MSP1413 Site 3-21 21 GCCTTCGGGCATGGCGGACTT 421. GCCTTCGGGCATGGCGGACTTGAAGAA 422. 
MSP1418 Site 3-24 24 GTAGCCTTCGGGCATGGCGGACTT 423. GTAGCCTTCGGGCATGGCGGACTTGAAGAA 424. 
MSP1416 Site 4-23 23 GTCTATATCATGGCCGACAAGCA 425 GTCTATATCATGGCCGACAAGCAGAAGAA 426. 
MSP1415 Site 5-23 23 GTCTTGTAGTTGCCGTCGTCCTT 427. GTCTTGTAGTTGCCGTCGTCCTTGAAGAA 428. 
MSP1419 Site 5-24 24 GGTCTTGTAGTTGCCGTCGTCCTT 429. GGTCTTGTAGTTGCCGTCGTCCTTGAAGAA 43 O. 

0108 Bacterial Cas9/sgRNA expression plasmids were top oligo and append 5'-AAAC to the reverse compliment of 
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constructed with two T7 promoters to separately express 
Cas9 and the sgRNA. These plasmids encode human codon 
optimized versions of Cas9 for S. pyogenes (BPK764, 
SpCas9 sequence subcloned from JDS246'7), S. thermophi 
lus Cas9 from CRISPR locus 1 (MSP1673, St1Cas9 
sequence modified from previous published description'), 
and S. aureus (BPK2101, SaCas9 sequence codon optimized 
from Uniprot J7RUA5). Previously described sgRNA 
sequences were utilized for SpCas9 and St1Cas9', 
while the SaCas9 sgRNA sequence was determined by 
searching the European Nucleotide Archive sequence 
HE980450 for crRNA repeats using CRISPRfinder and 
identifying the tracrRNA using a bioinformatic approach 
similar to one previously described. Annealed oligos to 
complete the spacer complementarity region of the sgRNA 
were ligated into Bsal cut BPK764 and BPK2101, or BspMI 
cut MSP1673 (append 5'-ATAG to the spacer to generate the 

the spacer sequence to generate the bottom oligo). 
0109 Residues 1097-1368 of SpCas9 were randomly 
mutagenized using Mutazyme II (Agilent Technologies) at a 
rate of ~5.2 Substitutions/kilobase to generate mutagenized 
PAM-interacting (PI) domain libraries. The theoretical com 
plexity of each PI domain library was estimated to be greater 
than 107 clones based on the number of transformants 
obtained. Positive and negative selection plasmids were 
generated by ligating annealed target site oligos into Xbar 
SphI or EcoRI/SphI cut p11-lacY-wtx1''", respectively. 
0110. Two randomized PAM libraries (each with a dif 
ferent protospacer sequence) were constructed using Kle 
now (-exo) to fill-in the bottom strand of oligos that con 
tained six randomized nucleotides directly adjacent to the 3' 
end of the protospacer (see Table 1). The double-stranded 
product was cut with EcoRI to leave EcoRI/SphI ends for 
ligation into cut p11-lacY-wtX1. The theoretical complexity 
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of each randomized PAM library was estimated to be greater 
than 10° based on the number of transformants obtained. 
0111 SpCas9 and SpCas9 variants were expressed in 
human cells from vectors derived from JDS246". For 
St1Cas9 and SaCas'9, the Cas'9 ORFs from MSP1673 and 
BPK2101 were subcloned into a CAG promoter vector to 
generate MSP1594 and BPK2139, respectively. Plasmids 
for U6 expression of sgRNAs (into which desired spacer 
oligos can be cloned) were generated using the sgRNA 
sequences described above for the SpCas9 sgRNA 
(BPK1520), the St1Cas9 sgRNA (BPK2301), and the 
SaCas9 gRNA (VVT1). Annealed oligos to complete the 
spacer complementarity region of the sgRNA were ligated 
into the BSmBI overhangs of these vectors (append 
5'-CACC to the spacer to generate the top oligo and append 
5'-AAAC to the reverse complement of the spacer sequence 
to generate the bottom oligo). 
0112 Bacterial-based positive selection assay for evolv 
ing SpCas9 variants Competent E. coli BW25141 (DE3) 
containing a positive selection plasmid (with embedded 
target site) were transformed with Cas9/sgRNA-encoding 
plasmids. Following a 60 minute recovery in SOB media, 
transformations were plated on LB plates containing either 
chloramphenicol (non-selective) or chloramphenicol--10 
mMarabinose (selective). Cleavage of the positive selection 
plasmid was estimated by calculating the Survival fre 
quency: colonies on selective plates/colonies on non-selec 
tive plates (see also FIG. 12). 
0113 To select for SpCas9 variants that can cleave novel 
PAMs, PI-domain mutagenized Cas9/sgRNA plasmid librar 
ies were electroporated into E. coli BW25141 (DE3) cells 
containing a positive selection plasmid that encodes a target 
site+PAM of interest. Generally 50,000 clones were 
Screened to obtain between 50-100 Survivors. The PI 
domains of Surviving clones were Subcloned into fresh 
backbone plasmid and re-tested in the positive selection. 
Clones that had greater than 10% survival in this secondary 
screen for activity were sequenced. Mutations observed in 
the sequenced clones were chosen for further assessment 
based on their frequency in Surviving clones, type of Sub 
stitution, proximity to the PAM bases in the SpCas9/sgRNA 
crystal structure (PDB:4UN3)'', and (in some cases) activi 
ties in a human cell-based EGFP disruption assay. 
0114 Bacterial-Based Site-Depletion Assay for Profiling 
Cas9 PAM Specificities 
0115 Competent E. coli BW25141 (DE3) containing a 
Cas9/sgRNA expression plasmid were transformed with 
negative selection plasmids harboring cleavable or non 
cleavable target sites. Following a 60 minute recovery in 
SOB media, transformations were plated on LB plates 
containing chloramphenicol+carbenicillin. Cleavage of the 
negative selection plasmid was estimated by calculating the 
colony forming units per ug of DNA transformed (see also 
FIG. 13). 
0116. The negative selection was adapted to determine 
PAM specificity profiles of Cas9 nucleases by electroporat 
ing each randomized PAM library into E. coli BW25141 
(WDE3) cells that already harbored an appropriate Cas9/ 
sgRNA plasmid. Between 80,000-100,000 colonies were 
plated at a low density spread on LB+chloramphenicol 
carbenicillin plates. Surviving colonies containing negative 
selection plasmids refractory to cleavage by Cas9 were 
harvested and plasmid DNA isolated by maxi-prep (Qiagen). 
The resulting plasmid library was amplified by PCR using 
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Phusion Hot-start Flex DNA Polymerase (New England 
BioLabs) followed by an Agencourt Ampure XP cleanup 
step (Beckman Coulter Genomics). Dual-indexed Tru-Seq 
Illumina deep-sequencing libraries were prepared using the 
KAPA HTP library preparation kit (KAPA BioSystems) 
from ~500 ng of clean PCR product for each site-depletion 
experiment. The Dana-Farber Cancer Institute Molecular 
Biology Core performed 150-bp paired-end sequencing on 
an Illumina MiSeq Sequencer. 
0117. The raw FASTQ files outputted for each MiSeq run 
were analyzed with a Python program to determine relative 
PAM depletion. The program (see Methods) operates as 
follows: First, a file dialog is presented to the user from 
which all FASTQ read files for a given experiment can be 
selected. For these files, each FASTQ entry is scanned for 
the fixed spacer region on both Strands. If the spacer region 
is found, then the six variable nucleotides flanking the spacer 
region are captured and added to a counter. From this set of 
detected variable regions, the count and frequency of each 
window of length 2-6 nt at each possible position was 
tabulated. The site-depletion data for both randomized PAM 
libraries was analyzed by calculating the post-selection 
PAM depletion value (PPDV): the post-selection frequency 
of a PAM in the selected population divided by the pre 
selection library frequency of that PAM. PPDV analyses 
were performed for each experiment across all possible 2-6 
length windows in the 6 bp randomized region. The win 
dows we used to visualize PAM preferences were: the 3 nt 
window representing the 2',3', and 4 PAM positions for 
wild-type and variant SpCas9 experiments, and the 4 nt 
window representing the 3', 4', 5", 6" PAM positions for 
St1 Cas 9 and SaCas'9. 

0118. Two significance thresholds for the PPDVs were 
determined based on: 1) a statistical significance threshold 
based on the distribution of dCas9 versus pre-selection 
library log read count ratios (see FIGS. 13C & 13D), and 2) 
a biological activity threshold based on an empirical corre 
lation between depletion values and activity in human cells. 
The statistical threshold was set at 3.36 standard deviations 
from the mean PPDV for dCas'9 (equivalent to a relative 
PPDV of 0.85), corresponding to a normal distribution 
two-sided p-value of 0.05 after adjusting for multiple com 
parisons (i.e. p=0.05/64). The biological activity threshold 
was set at 5-fold depletion (equivalent to a PPDV of 0.2) 
because this level of depletion serves as a reasonable pre 
dictor of activity in human cells (see also FIG. 14). The 95% 
confidence intervals in FIG. 14 were calculated by dividing 
the standard deviation of the mean, by the square root of the 
sample size multiplied by 1.96. 
0119 Human Cell Culture and Transfection 
I0120 U2OS.EGFP cells harboring a single integrated 
copy of a constitutively expressed EGFP-PEST reporter 
gene' were cultured in Advanced DMEM media (Life 
Technologies) supplemented with 10% FBS, 2 mM Gluta 
Max (Life Technologies), penicillin/streptomycin, and 400 
ug/ml of G418 at 37° C. with 5% CO. Cells were co 
transfected with 750 ng of Cas9 plasmid and 250 ng of 
sgRNA plasmid (unless otherwise noted) using the DN-100 
program of a Lonza 4D-nucleofector according to the manu 
facturer's protocols. Cas9 plasmid transfected together with 
an empty U6 promoter plasmid was used as a negative 
control for all human cell experiments. Target sites for 
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endogenous gene experiments were selected within 200 bp 
of NGG sites cleavable by wild-type SpCas9 (see FIG. 16A 
and Table 2). 
0121 Zebrafish Care and Injections 
0122 Zebrafish care and use was approved by the Mas 
sachusetts General Hospital Subcommittee on Research 
Animal Care. Cas9 mRNA was transcribed with PmeI 
digested JDS246 (wild-type SpCas9) or MSP469 (VQR 
variant) using the mMESSAGE mMACHINE T7 ULTRA 
Kit (Life Technologies) as previously described'. All sgR 
NAS in this study were prepared according to the cloning 
independent sgRNA generation method'. sgRNAs were 
transcribed by the MEGAScript SP6 Transcription Kit (Life 
Technologies), purified by RNA Clean & Concentrator-5 
(Zymo Research), and eluted with RNase-free water. 
0123 sgRNA- and Cas9-encoding mRNA were co-in 
jected into one-cell stage Zebrafish embryos. Each embryo 
was injected with ~2-4.5 mL of Solution containing 30 ng/4 
gRNA and 300 ng/ul Cas9 mRNA. The next day, injected 
embryos were inspected under a stereoscope for normal 
morphological development, and genomic DNA was 
extracted from 5 to 9 embryos. 
(0.124 Human Cell EGFP Disruption Assay 
0.125 EGFP disruption experiments were performed as 
previously described'. Transfected cells were analyzed for 
EGFP expression ~52 hours post-transfection using a 
Fortessa flow cytometer (BD Biosciences). Background 
EGFP loss was gated at approximately 2.5% for all experi 
ments (graphically represented as a dashed red line). 
0126 T7E1 Assay, Targeted Deep-Sequencing, and 
GUIDE-Seq to Quantify Nuclease-Induced Mutation Rates 
0127. T7E1 assays were performed as previously 
described for human cells' and zebrafish'. For U2OS. 
EGFP human cells, genomic DNA was extracted from 
transfected cells ~72 hours post-transfection using the Agen 
court DNAdvance Genomic DNA Isolation Kit (Beckman 
Coulter Genomics). Target loci from Zebrafish or human cell 
genomic DNA were amplified using the primers listed in 
Table 1. Roughly 200 ng of purified PCR product was 
denatured, annealed, and digested with T7E1 (New England 
BioLabs). Mutagenesis frequencies were quantified using a 
Qiaxcel capillary electrophoresis instrument (QIagen), as 
previously described for human cells' and zebrafish'. 
0128. For targeted deep-sequencing, previously charac 
terized on- and off-target sites (Tsai et al., Nat Biotechnol 33, 
187-197 (2015); Fu et al., Nat Biotechnol 31, 822-826 
(2013: Fu et al., Nat Biotechnol 32, 279-284 (2014)) were 
amplified using Phusion Hot-start Flex with the primers 
listed in Table 1. Genomic loci were amplified for a control 
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condition (empty sgRNA), wild-type, and D1135E SpCas9. 
An Agencourt Ampure XP cleanup step (Beckman Coulter 
Genomics) was performed prior to pooling ~500 ng of DNA 
from each condition for library preparation. Dual-indexed 
Tru-Seq Illumina deep-sequencing libraries were generated 
using the KAPA HTP library preparation kit (KAPA Bio 
Systems). The Dana-Farber Cancer Institute Molecular Biol 
ogy Core performed 150-bp paired-end sequencing on an 
Illumina MiSeq Sequencer. Mutation analysis of targeted 
deep-sequencing data was performed as previously 
described (Tsai et al., Nat Biotechnol 32, 569-576 (2014)). 
Briefly, Illumina MiSeq paired end read data was mapped to 
human genome reference GRChr37 using bwa (Li et al., 
Bioinformatics 25, 1754-1760 (2009)). High-quality reads 
(quality score >–30) were assessed for indel mutations that 
overlapped the target or off-target sites. 1-bp indel mutations 
were excluded from the analysis unless they occurred within 
1-bp of the predicted breakpoint. Changes in activity at on 
and off-target sites comparing D1135E versus wild-type 
SpCas9 were calculated by comparing the indel frequencies 
from both conditions (for rates above background control 
amplicon indel levels). 
I0129 GUIDE-seq experiments were performed as previ 
ously described (Tsai et al., Nat Biotechnol 33, 187-197 
(2015)). Briefly, phosphorylated, phosphorothioate-modi 
fied double-stranded oligodeoxynucleotides (dsODNs) were 
transfected into U2OS cells with Cas9 nuclease along with 
Cas9 and sgRNA expression plasmids, as described above. 
dsODN-specific amplification, high-throughput sequencing, 
and mapping were performed to identify genomic intervals 
containing DSB activity. For wild-type versus D1135E 
experiments, off-target read counts were normalized to the 
on-target read counts to correct for sequencing depth dif 
ferences between samples. The normalized ratios for wild 
type and D1135E SpCas9 were then compared to calculate 
the fold-change in activity at off-target sites. To determine 
whether wild-type and D1135E samples for GUIDE-seq had 
similar oligo tag integration rates at the intended target site, 
restriction fragment length polymorphism (RFLP) assays 
were performed by amplifying the intended target loci with 
Phusion Hot-Start Flex from 100 ng of genomic DNA 
(isolated as described above) using primers listed in Table 1. 
Roughly 150 ng of PCR product was digested with 20 U of 
Ndel (New England BioLabs) for 3 hours at 37° C. prior to 
clean-up using the Agencourt Ampure XP kit. RFLP results 
were quantified using a Qiaxcel capillary electrophoresis 
instrument (Qlagen) to approximate oligo tag integration 
rates. T7E1 assays were performed for a similar purpose, as 
described above. 

Software - for analyzing PAM depletion MiSeq data 

Run in the command prompt (in the directory containing the file) using the command "python 
PAM depletion.py" 

import numpy as mp 
import pandas as pd 
import glob 
import fnmatch 
import os 
from collections import Counter 
from Bio. Seq import Seq, 
from Bio import SeqIO 
import itertools 
importre 
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-continued 

Software - for analyzing PAM depletion MiSeq data 

from pandas import ExcelWriter 
import Tkinter, tkFileDialog 

author = "Ved V. Topkar" 
version = "1.0" 

IUPAC notation regex describes a mapping between certain base characters and the 
relavent regex string 
(Useful for parsing out ambiguous base strings) 

IUPAC notation regex = { 

def ambiguous PAMs(length): 

Given an inputted length, return a list of strings describing all possible PAM 
SeleCe:S 

NOTE: Returned strings include ambiguous base characters 

permutations = itertools.product(IN', 'A', 'T', 'C', 'G'), repeat=length) 
PAMs = 
or item in permutations: 
PAMs.append(''join (item)) 

return PAMs 
defunambiguous PAMs(length): 

permutations = itertools.product('A', 'T', 'C', 'G'), repeat=length) 
PAMs = 
or item in permutations: 
PAMs.append(''join (item)) 

return PAMs 
def regex from seq(seq): 

Given a sequence with ambiguous base characters, returns a regex that matches 
for 

he explicit (unambiguous) base characters 

regex = '' 
or c in seq: 
regex += IUPAC notation regexc 

return regex 
def regex match count(regex, list of counts): 

Given a list of strings and a regex, return the number of strings in the list 
that the regex matches. 

c = 6 
or item in list of counts: 
if re. Search (regex, item): 

c += 1 
return c 

def tabulate Substring frequencies(pams, indices): 

Given a list of raw pams and Substring indices, tabulates the frequency of 
tabulate Substring frequencies 
RETURNS a Pandas Series 

base PAMs = unambiguous PAMs(indices 1 - indices0) 
Emp PAMs = Counter(pamindices0:indices1 for pam in pams) 
c = Counter() 
or base PAM in base PAMs: 
cbase PAM = timp PAMs base PAM 

PAMs = pd. Series(c) 
PAMs.sort(ascending=False) 
excel PAMs = pd. DataFrame() 
excel PAMs PAM') = PAMs.index 
excel PAMs 'Count' = PAMs. values 
excel PAMs Frequency' = PAMs.values.astype(float) sum(PAMs. values) 
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-continued 

Software - for analyzing PAM depletion MiSeq data 

return excel PAMs 
def generate raw PAM counts(filepaths, targetsites, PAM length): 

Here, we get all of our relavent PAM sequences from the inputted files 
by searching for the targetSites and looking at the flanking region 

reverse target sequences = {targetsite: 
str(Seq(targetSites targetSite).reverse complement()) for targetsite in 
targetsites 

all pams = {targetsite: for targetsite in targetsites 
# Iterate through each file and collect the PAMs of each sequence 
# Checks both forward and reverse reads 
for filepath in filepaths: 

print 'Scanning file: "+ OS.path.basename(filepath) 
pams = 
records = SeqIO.parse(filepath, filepath.split(".") -1) 
for record in records: 

seq = Str(record.seq) 
for targetsite in targetSites: 

target Seq = targetSites targetSite 
target = seq.find(targetSites targetSite) 
if target > -1: 

index = target + len(target seq) 
all pamStargetSite.append (seqindex:index + PAM length) 

else: 
target = seq.find(reverse target sequences targetsite) 
if target > -1: 

index = target 
all pamStargetSite.append (Str(Seq (seqindex - 

PAM length:index).reverse complement())) 
return all pams 

def analyze PAM depletion data (filepaths, targetsites, PAM length=3): 

Given a directory that contains a given file extension and a target sequence, 
do the entire PAM depletion analysis 

# Make Sure that dirnames and target sequences are inputted 
if filepaths is None: 

raise Exception ("Please specify a directory name') 
if targetsites is None: 

raise Exception('Please specify a target sequence") 
if PAM length is None or PAM length < 3: 

raise Exception ("Please enter a valid PAM length') 
all pams = generate raw PAM counts(filepaths, targetsites, PAM length) 
letters = 'A', 'T', 'C', 'G' 
all counters = {targetsite: Counter(all pams targetsite) for targetsite in 

targetsites 
for targetSite in targetSites: 
pams = all pams targetSite 
base counters = Counter() for X in range(PAM length) 
for pam in pams: 

for i, c in enumerate(pam): 
base countersic += 1 

raw PAM counts = pd. Series(all counterstargetsite) 
raw PAM counts. Sort(ascending=False) 
raw counts df = pd.DataFrame() 
raw counts df PAM = raw PAM counts.index 
raw counts dif"Count' = raw PAM counts.values 
single base counts = pod. DataFrame(base counters) 
single base frequencies = 

single base counts.divide(single base counts. Sum(axis=1).ix0) 
# Prepare substring counts and frequencies 
writer = ExcelWriter("out" + os. path.basename(filepath).split(".")0 + 

+ targetsite + .xlsX) 
single base counts.to excel (writer, 'Single Base Counts) 
single base frequencies.to excel(writer, 'Single Base Frequencies) 
raw counts df to excel(writer, Raw PAM Counts") 
# Designate which windows should be analyzed and name them 
settings = { 

'XXXNNN': (0.3), 
'NXXXNN': 1.4), 
'NNXXXN': 2.5), 
'NNNXXX: 3.6), 
'XXXXNN': (0.4), 
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-continued 

Software - for analyzing PAM depletion MiSeq data 

NXXXXN': 
NNXXXX: 
XXNNNN': 
NXXNNN': 
NNXXNN': 
NNNXXN': 
NNNNXX': 
XXXXXN': 
NXXXXX: 
XXXXXX: 

for item in settings: 
df = tabulate Substring frequencies(palms, settings item) 
df to excel(writer, item) 

writer.save() 
print 'Saved excel output for " + targetsite 

if name " main ": 
# Display the filepicker, accepting only FASTQ files 
root = Tkinter.Tk( ) 
root..withdraw() 
file paths = tkFileDialog.askopenfilenames(parent=root, title='Choose FASTQ 

files', filetypes=("FastO files", "* .fastd"))) 
# Describe the targetsite(s) to search for 
targetsites = {EGFP site 1': 'GTCGCCCTCGAACTTCACCT} 
# Run the analysis on the inputted filepaths and targetSite for a given 

variable nucleotide region length 
analyze PAM depletion data (file paths, targetSites, PAM length=6) 

Example 1 

0130. One potential solution to address targeting range 
limitations would be to engineer Cas9 variants with novel 
PAM specificities. A previous attempt to alter PAM speci 
ficity utilized structural information about base-specific 
SpCas9-PAM interactions to mutate arginine residues 
(R1333 and R1335) that contact guanine nucleotides at the 
second and third PAM positions, respectively (Anders et al., 
Nature 513, 569-573 (2014)). Substitution of both arginines 
with glutamines (whose side-chains might be expected to 
interact with adenines) failed to yield SpCas9 variants that 
could cleave targets harboring the expected NAA PAM in 
vitro (Anders et al., Nature 513, 569-573 (2014)). Using a 
human cell-based U2OS EGFP reporter gene disruption 
assay in which nuclease-induced indels lead to loss of 
fluorescence (Reyon et al., Nat Biotechnol 30, 460-465 
(2012); Fu et al., Nat Biotechnol 31, 822-826 (2013)), we 
confirmed that an R1333Q/R1335Q SpCas9 variant failed to 
efficiently cleave target sites with NAA PAMs (FIG. 1A). 
Additionally, we found that single R1333O and R1335Q 
SpCas9 variants each failed to efficiently cleave target sites 
with their expected NAG and NGA sites, respectively (FIG. 
1A). We therefore reasoned that re-engineering PAM speci 
ficity might require additional mutations at positions other 
than R1333 and R1335. For example, available structural 
information shows that K1107 and S1136 make direct and 
indirect minor groove contacts to the second and third bases 
in the PAM, respectively (Anders et al., Nature 513,569-573 
(2014)). Therefore, it is plausible that additional alterations 
at or near these positions might be needed to alter PAM 
specificity. 
0131 To identify additional positions that might be criti 
cal for modifying PAM specificity, we adapted a bacterial 
selection system previously used to study properties of 
homing endonucleases (hereafter referred to as the positive 
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selection) (Chen & Zhao, Nucleic Acids Res 33, e154 
(2005); Doyon et al., J. Am Chem Soc 128, 2477-2484 
(2006)). In our adaptation of this system, Cas9-mediated 
cleavage of a positive selection plasmid encoding an induc 
ible toxic gene enables cell Survival, due to Subsequent 
degradation and loss of the linearized plasmid (FIG. 1B and 
FIG. 12A). After establishing that SpCas9 can function in 
the positive selection system, we tested both wild-type and 
the R1335Q variant for their ability to cleave a selection 
plasmid harboring a target site with an NGA PAM and failed 
to observe survival, as expected (FIG. 12A). To screen for 
gain-of-function mutations, we generated libraries of wild 
type and R1335Q SpCas9 bearing randomly mutagenized 
PAM-interacting domains (amino acid positions 1097-1368) 
with a mean rate of 5.2 mutations per kilobase (FIG. 12B 
and Methods). These libraries were introduced into bacteria 
with a positive selection plasmid containing a target site with 
an NGAPAM and plated on selective medium. Sequences of 
surviving clones from the R1335Q-based library revealed 
that the most frequent substitutions in addition to the pre 
existing R1335Q mutation were D1135V/Y/N/E and 
T1337R (Table 3). We obtained fewer survivors with the 
wild-type SpCas9-based library selection but the sequences 
of these clones also included D1135V/Y/N and R1335Q 
mutations. We next assembled and tested SpCas9s bearing 
all possible single, double, and triple combinations of the 
D1135V/Y/N/E, R1335Q, and T1337R mutations using the 
human cell-based EGFP disruption assay. This analysis 
showed that SpCas9 variants with substitutions at all three 
positions displayed the highest activities on an NGA PAM, 
but also the lowest activities on an NGG PAM (FIG.1C). We 
chose two SpCas9 variants, D1135 V/R1335Q/T1337R and 
D1135E/R1335Q/T1337R (hereafter referred to as the VQR 
and EQR SpCas9 variants, respectively), because they pos 
sessed the greatest discrimination between NGA and NGG 
PAMs (FIG. 1C), for further characterization. 
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0132) To assess the global PAM specificity profiles of our 
novel SpCas9 variants, we used a bacterial-based negative 
selection system (FIG. 1D and FIG. 13A). Previous studies 
have used similar types of selection systems to identify the 
cleavage site preferences of Cas9 nucleases (Jiang et al., Nat 
Biotechnol 31, 233-239 (2013); Esvelt et al., Nat Methods 
10, 1116-1121 (2013)). In our version of this assay (which 
we refer to as the site-depletion assay), a library of plasmids 
bearing randomized 6 bp sequences placed adjacent to a 
protospacer is tested for cleavage by a Cas9/sgRNA com 
plex in E. coli (FIG. 13B). Plasmids with protospacer 
adjacent sequences resistant to cleavage by a Cas9/sgRNA 
complex enable cell survival due to the presence of an 
antibiotic resistance gene, whereas plasmids bearing cleav 
able sequences are degraded and therefore depleted from the 
library (FIG. 13B). High-throughput sequencing of 100,000 
non-targetable sequences enabled us to calculate a post 
selection PAM depletion value (PPDV) for any given PAM. 
The PPDV of a PAM (or group of PAMs) is defined as the 
frequency of that PAM in the post-selection population 
divided by its frequency in the pre-selection library. This 
quantitative value provides an estimate of Cas9 activity on 
that PAM. Profiles obtained with catalytically inactive Cas9 
(dCas9) on two randomized PAM libraries (each with a 
different protospacer) enabled us to define what represents a 
statistically significant change in PPDV for any given PAM 
or group of PAMs (FIG. 13C). We then validated our 
site-depletion assay by demonstrating that the PPDVs for 
wild-type SpCas9 obtained with the two randomized PAM 
libraries recapitulated its previously described profile of 
targetable PAMs (Jiang et al., Nat Biotechnol 31, 233-239 
(2013)) (FIG. 1E). 
0133. Using the site-depletion assay, we obtained PAM 
specificity profiles for the VOR and EQR SpCas9 variants 
using the two randomized PAM libraries. The VOR variant 
strongly depleted sites bearing NGAN and NGCG PAMs. 
and more weakly NGGG, NGTG, and NAAG PAMs (FIG. 
1F). In contrast, the EQR variant strongly depleted NGAG 
PAMs and more weakly NGAT, NGAA, and NGCG PAMs 
(FIG. 1F), demonstrating a potentially more limited target 
ing range relative to the VOR variant. To test whether PAMs 
identified by the site-depletion assay could also be recog 
nized in human cells, we assessed cleavage by the VOR and 
EQR SpCas9 variants on target sites using the EGFP dis 
ruption assay. The VOR variant robustly cleaved sites in 
EGFP bearing NGAN PAMs (with relative efficiencies 
NGAG)-NGAT=NGAAd-NGAC), and also sites bearing 
NGCG, NGGG, and NGTG PAMs with generally lower 
efficiencies (FIG. 1G). The EQR variant also recapitulated 
its preference for NGAG and NGNG PAMs over the other 
NGAN PAMs in human cells, again all at lower activities 
than with the VOR variant (FIG. 1G). Collectively, these 
results in human cells strongly mirror what was observed 
with the bacterial site-depletion assay (FIG. 14) and sug 
gested that PPDVs of 0.2 (representing a five-fold depletion) 
in the bacterial assay provide a reasonable predictive thresh 
old for activity in human cells (FIG. 14). 
0134. We next sought to extend the generalizability of 
our engineering strategy by attempting to identify SpCas9 
variants capable of recognizing an NGC PAM. We first 
designed Cas9 mutants bearing amino acid Substitutions of 
R1335 that might be expected to interact with a cytosine (D. 
E. S. or T) and found no activity on an NGC PAM site using 
the positive selection system. We then randomly mutagen 
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ized the PAM-interacting domain of each of these singly 
substituted SpCas9 variants but still failed to obtain surviv 
ing colonies in positive selections. Because the T1337R 
mutation had increased the activities of our VQR and EQR 
SpCas9 variants (FIG. 1C), we combined this mutation with 
R1335 substitutions of A, D, E, S, T, or V, and again 
randomly mutagenized their PAM-interacting domains. 
Selections using two of these six mutagenized libraries 
(bearing pre-existing R1335E/T 1337R and R1335T/ 
T1337R substitutions) yielded surviving colonies harboring 
a variety of additional mutations (Table 3). Characterization 
of various selected clones using both bacterial and human 
cell-based assays suggested that Substitutions at four posi 
tions in particular (D1135V, G1218R, R1335E, and 
T1337R) appeared to be important for cleavage of NGC 
PAMs. Assembly and testing of all potential single, double, 
triple, and quadruple combinations of these mutations using 
the EGFP disruption assay established that the quadruple 
VRER variant displayed the highest activity on an NGCG 
PAM and minimal activity on an NGGG PAM (FIG. 1H). 
Analysis of the VRER variant using the site-depletion assay 
revealed it to be highly specific for NGCG PAMs (FIG. 1I). 
Consistent with this result, EGFP disruption assays per 
formed in human cells with the VRER variant revealed 
efficient cleavage of sites with NGCG PAMs, greatly 
decreased and inconsistent cleavage of sites with NGCA, 
NGCC, and NGCT PAMs, and essentially no activity on 
sites with NGAG, NGTG, and NGGG PAMs (FIG. 1J). 
I0135) To demonstrate directly that our VQR and VRER 
SpCas9 variants can enable targeting of sites not currently 
modifiable by wild-type SpCas9, we tested their activities on 
endogenous genes in Zebrafish embryos and human cells. In 
single cell Zebrafish embryos, we found that the VOR 
variant could efficiently modify endogenous gene sites bear 
ing NGAG PAMs with mean mutagenesis frequencies of 20 
to 43% (FIG. 2A) and that the indels originated at the 
predicted cleavage sites (FIG. 15). In human cells, we found 
that the VOR variant robustly modified 16 sites across four 
different endogenous genes that harbored NGAG, NGAT, 
and NGAA PAMs (range of 6 to 53%, mean of 33%; FIG. 
2B and FIG. 16A). Importantly, we verified that wild-type 
SpCas9 was unable to efficiently alter most of the same sites 
with NGAG and NGAT PAMs in Zebrafish and human cells 
(FIGS. 2A and 2C), yet was able to efficiently modify nearby 
sites bearing NGG PAMs (FIG. 16B). Similarly, when 
examining VRER variant activity at nine sites with NGCG 
PAMs across three endogenous human genes, we also 
observed robust mean disruption frequencies (range of 5 to 
36%, mean of 21%. FIG. 2D). Consistent with our site 
depletion data (FIGS. 1E & 1F), the VOR variant altered 
NGCG PAM sites efficiencies similar to that observed with 
the VRER variant, while wild-type SpCas9 was unable to do 
so (FIG. 2D). Computational analysis of the reference 
human genome sequence shows that the addition of our 
VQR and VRER SpCas9 variants doubles the range of 
potential target sites compared with what was previously 
possible with only wild-type SpCas9 (FIG. 2E). Taken 
together, these results demonstrate that our engineered 
SpCas9 variants expand the targeting range of SpCas9 by 
enabling modification of previously inaccessible endog 
enous sites in Zebrafish embryos and human cells. 
0.136 To determine the genomewide specificity of our 
VQR and VRER SpCas9 nucleases, we used the recently 
described GUIDE-seq (Genome-wide Unbiased Identifica 
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tion of Double-stranded breaks Enabled by sequencing) 
method' to profile off-target cleavage events of these 
SpCas9 variants in human cells. We profiled the genome 
wide activities of the VOR and VRER SpCas9 variants using 
a total of 13 different sgRNAs (eight for VOR and five for 
VRER from FIGS. 2B and 2D, respectively), which we had 
shown could induce high efficiencies of modification at their 
intended on-target sites. These GUIDE-seq experiments 
yielded a number of important observations: The numbers of 
off-target DSBs induced by our SpCas9 variants in human 
cells are comparable to (or, in the case of the VRER variant, 
perhaps even better than) what has been previously observed 
with wild-type SpCas9 (FIG. 2F). We note that the high 
genome-wide specificities observed with VRER might result 
both from its restricted specificity for NGCG PAMs and 
perhaps from the relative depletion of sites with NGCG 
PAMs in the human genome (FIG. 2E). Additionally, the 
off-target sites observed generally possess the expected 
PAM sequences predicted by our site-depletion experiments, 
including some tolerance for PAMs “shifted 3' by one base 
(compare PAMs from FIGS. 1F and 1 I with those in the sites 
of FIG. 17). Finally, the position and numbers of mismatches 
found in the off-target sites of our VQR and VRER SpCas9 
variants (FIG. 17) are similar in their distributions to what 
we previously observed with wild-type SpCas9 for sgRNAs 
targeted to non-repetitive sequences". 
0137 Previous studies have shown that imperfect PAM 
recognition by SpCas9 can lead to recognition of unwanted 
sites that contain non-canonical NAG, NGA, and other 
PAMs in human cells (Hsu et al., Nat Biotechnol 31, 
827-832 (2013); Tsai et al., Nat Biotechnol 33, 187-197 
(2015); Jiang et al., Nat Biotechnol 31, 233-239 (2013): 
Mali et al., Nat Biotechnol 31, 833-838 (2013); Zhang et al., 
Sci Rep 4, 54.05 (2014)). Therefore, we were interested in 
exploring if mutations at or near residues that mediate 
PAM-interaction might improve SpCas9 PAM specificity. 
While engineering the VOR variant we had noticed that a 
D1135E SpCas9 mutant appeared to better discriminate 
between a canonical NGG PAM and a non-canonical NGA 
PAM compared to wild-type SpCas9 (FIG. 1C). Given this 
observation, we comprehensively assessed the PAM recog 
nition profile of this D1135E variant using our site-depletion 
assay. This experiment revealed a decrease in depletion of 
non-canonical NAG, NGA, and NNGG PAMs with D1135E 
SpCas9 relative to wild-type SpCas9 (FIG. 3A). Interest 
ingly, this effect was more prominent for one of the two 
protospacers we used, Suggesting that the impact of the 
D1135E substitution on non-canonical PAM recognition 
may vary to some degree in a protospacer-dependent man 
ner. Importantly, we did not observe the emergence of any 
new non-canonical PAM specificities. 
0138 We next tested whether the improved PAM speci 
ficity of D1135E SpCas9 also could be observed in human 
cells. In direct comparisons of wild-type and D1135E 
SpCas9 on eight target sites with non-canonical NAG or 
NGA PAMs, we observed that these sites were consistently 
less efficiently cleaved by D1135E than by wild-type 
SpCas9 in the EGFP disruption assay (FIG. 3B, mean 
fold-decrease in activity of 1.94). Importantly, wild-type and 
D1135E SpCas9 both showed comparable activities on four 
EGFP reporter gene sites and six endogenous human gene 
sites with canonical NGG PAMs (FIGS. 3B and 3C, respec 
tively), demonstrating that the D1135E variant does not 
appreciably affect cleavage of on-target sites with NGG 
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PAMs (mean fold-decrease in activity of 1.04 across all ten 
sites). Titration experiments in which we decreased the 
concentration of Cas9-encoding plasmid transfected into 
human cells revealed no substantial differences in the activi 
ties of wild-type and D1135E SpCas9 when they were 
targeted to the same sites (FIG. 3D), implying that the 
increased specificity observed with the D1135E variant is 
not simply the result of protein destabilization. 
0.139. To more directly assess whether the introduction of 
D1135E could reduce off-target cleavage effects of SpCas9, 
we used deep-sequencing to compare mutation rates induced 
by wild-type and D1135E SpCas9 on 25 previously known 
off-target sites of three different sgRNAs (Hsu et al., Nat 
Biotechnol 31, 827-832 (2013); Tsai et al., Nat Biotechnol 
33, 187-197 (2015); Fu et al., Nat Biotechnol 31, 822-826 
(2013)). These 25 sites included off-target sites with various 
mismatches in the spacer sequence and both canonical NGG 
and non-canonical PAMs (FIG. 3E). The results of these 
deep-sequencing experiments revealed that the D1135E 
variant showed reduced mutation frequencies at 19 of the 22 
off-target sites with activity above background indel rates, 
relative to the mutation frequency observed at the three 
on-target sites (FIGS. 3E & 3F). Interestingly, these reduced 
off-target mutation frequencies were observed at many sites 
with a canonical PAM, Suggesting that the gain in specificity 
with D1135E is not restricted only to sites with non 
canonical PAMs. To assess the improvements in specificity 
associated with D1135E on a genome-wide scale, we per 
formed GUIDE-seq experiments using wild-type and 
D1135E SpCas9 with three different sgRNAs (two of which 
were previously known to have off-target sites with canoni 
cal and non-canonical PAMs (Hsu et al., Nat Biotechnol 31, 
827-832 (2013); Tsai et al., Nat Biotechnol 33, 187-197 
(2015); Fu et al., Nat Biotechnol 31, 822-826 (2013)). We 
observed a generalized improvement in genome-wide speci 
ficity when using the D1135E SpCas9 variant compared 
with wild-type SpCas9 (FIG. 3G). For all three sgRNAs we 
tested, these improvements in specificity were observed at 
off-target sites that contained mismatched spacers with 
canonical or non-canonical PAMs (FIG. 18). Importantly, 
these GUIDE-seq experiments demonstrated that the intro 
duction of the D1135E mutation does not increase the 
number of off-target effects induced by SpCas9. Collec 
tively, these results show that the D1135E substitution can 
increase the global specificity of SpCas9. 
0140 Although all of the experiments described above 
were performed with SpCas9, there are many Cas9 ortho 
logues from other bacteria that could make attractive can 
didates for characterizing and engineering Cas9s with novel 
PAM specificities (Fonfara et al., Nucleic Acids Res 42, 
2577-2590 (2014); Ranet al., Nature 520, 186-191 (2015)). 
To explore the feasibility of doing this, we determined 
whether two smaller-size orthologues, Streptococcus ther 
mophilus Cas9 from the CRISPR1 locus (St1Cas9) (Deveau 
et al., J Bacteriol 190, 1390-1400 (2008); Horvath et al., J 
Bacteriol 190, 1401-1412 (2008)) and Staphyloccocus 
aureus (SaCas'9) (Hsu et al., Cell 157, 1262-1278 (2014): 
Ranet al., Nature 520, 186-191 (2015)), might also function 
in our bacterial selection assays. While the PAM of St1Cas9 
has previously been characterized as NNAGAA (SEQ ID 
NO:3) (Esvelt et al., Nat Methods 10, 1116-1121 (2013): 
Fonfara et al., Nucleic Acids Res 42, 2577-2590 (2014): 
Deveau et al., J Bacteriol 190, 1390-1400 (2008); Horvath 
et al., J Bacteriol 190, 1401-1412 (2008)), our attempts to 
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bioinformatically derive the SaCas9 PAM using a previously 
described approach (Fonfara et al., Nucleic Acids Res 42, 
2577-2590 (2014)) failed to yield a consensus sequence 
(data not shown). Therefore, we used our site-depletion 
assay to determine the PAM for SaCas9 and, as a positive 
control, for St1Cas9. These experiments were performed 
using the two different protospacers and sgRNAs with two 
different complementarity lengths for each protospacer, 
resulting in four selections for each Cas9. For St1Cas9, we 
identified two novel PAMs in addition to the six PAMs that 
had been previously described (Esvelt et al., Nat Methods 
10, 1116-1121 (2013): Fonfara et al., Nucleic Acids Res 42, 
2577-2590 (2014); Horvath et al., J Bacteriol 190, 1401 
1412 (2008)) (FIG. 4A and FIGS. 19C and 19d, consistent 
with a recent definition of SaCas9 PAM specificity (Ran et 
al., Nature 520, 186-191 (2015))). For SaCas9, there was 
PPDV variability among the four selections mainly due to 
the restricted PAM preferences observed with one proto 
spacer. As a result, only three PAMs were depleted greater 
than 5-fold in all four experiments: NNGGGT (SEQ ID 
NO:4), NNGAAT (SEQ ID NO:6), NNGAGT (SEQ ID 
NO:5) (FIG. 4B). We did, however, identify many more 
targetable PAMs with the second protospacer library, imply 
ing that SaCas9 might recognize numerous additional PAMs 
(FIGS. 18C and 18D). Using PAMs identified in our site 
depletion experiments (NNAGAA (SEQ ID NO:3) for 
St1Cas9 and NNGAGT (SEQ ID NO:5) for SaCas9), we 
found that both St1Cas9 and SaCas'9 can function efficiently 
in the bacterial positive selection system (FIG. 4C), Sug 
gesting that their PAM specificities could be modified by 
mutagenesis and selection. 
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0141 Because not all Cas9 orthologues function effi 
ciently outside of their native context (Esvelt et al., Nat 
Methods 10, 1116-1121 (2013)), we tested whether St1Cas9 
and SaCas9 can robustly cleave target sites in human cells. 
St1Cas9 has been previously shown to function as a nucle 
ase in human cells but on only a few sites (Esvelt et al., 
2013: Cong et al., Science 339, 819-823 (2013)). We 
assessed St1Cas9 activity on sites harboring NNAGAA 
(SEQ ID NO:3) PAMs using sgRNAs with variable-length 
complementarity regions and found high activity at three of 
the five target sites (FIG. 4D). For SaCas'9, we observed 
efficient activity at eight sites harboring NNGGGT (SEQID 
NO:4) or NNGAGT (SEQID NO:5) PAMs (FIG. 4E). For 
both St1Cas9 and SaCas9 no obvious correlation between 
activity and length of spacer complementarity was observed 
(FIG. 19E). We next determined whether St1Cas9 and 
SaCas9 could efficiently modify endogenous loci in human 
cells. For St1Cas9, 7 out of 11 sites across 4 genes were 
disrupted efficiently as judged by T7E1 assay (1 to 25%, 
mean of 13%. FIG. 4F), while SaCas') displayed somewhat 
more robust activities at 16 sites tested across 4 genes (1% 
to 37%, mean of 19%. FIG. 4G). Once again, no distinct 
trend was observed when considering sgRNA spacer length 
for St1Cas9 and SaCas'9 (FIG. 19F). Collectively, our results 
show that St1Cas9 and SaCas') function robustly both in our 
bacterial-based selection and in human cells, making them 
attractive candidates for engineering additional SpCas9 Vari 
ants with novel PAM specificities. 

TABLE 3 

SEQ ID 
NO: 

Wild-type SpCase ? sequence from K1097-D1368? of SEQ ID NO: 1 

KTEVOTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITI a.a. 
MERSSFEKNPIDFLEAKGYKEWKKDLIIKLPKYSLFELENGRKRMLASAGELOKGNELALPSKYWNFLYLAS 1097 
HYEKLKGSPEDNEOKOLFVEOHKHYLDEIIEOISEFSKRVILADANLDKVLSAYNKHRDKPIREOAENIIHLF 1368 
TLTNLGAPAAFKYFDTTIDRKRYTSTKEWLDATLIHOSITGLYETRIDLSOLGGD of SEQ 

ID 
NO: 1 

Selected mutant clones for VQR and EQR variant, sequence from K1097-D1368 

KTEVOTGGFSKESILPKRNSDK 

HYEKLKGSPEDNEOKOLFVEOHKHYL 
TLTNLGAPAAFKYFDTTIDRKRYTST 

KTEVOTGGFSKESILPK 
ERSSFEKNPIDFILEAKG 

HYEKLKGSPEDNEOKOL 
TLTNLGAPAAFKYFDTTIDRKRYIST 

KTEVOTGGFSKESILPK 
ERSSFEKNPIDFILEAK 

HYEKLKGSPEDNEOKOL 
TLTNLGAPAAFKYFDTTIDRKOYTST 

KTEVOTGGFSKESILPKRNSDK 

HYEKLKGSPEDNEOKOLFVEOH 
TLTNLGAPAAFKYFDTTIDRKRYTST 

KTEVOTGGFSKESILPKRNSDKLIAR 
ERSSFEKNPI 

HYEKLKGSPEDNEOKOLFVEOHKHYL 
TLTNLGAPAAFKYFDTTIDRKRYTST 

ERSSFEKNPIDFILEAKGYKEWKKDLII 

K DEIIEOISEFSKRVILADANLDKVLSAYNKHR 

II 

DEIIEOISEFSKRVILADANLDKVLSAYNKHR 

RN 
GYKEWKKDLII 

W DEIIEOISEFSKRVILADANLDKVLSAYNKHR 

ERSSFEKNPIDFILEAKGYKEWKKDLII 

K DEIIEOISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLF 

DFLEAKGYKEWKKDLII 

DEIIEOISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLF 

DPKKYGGFDSPTWAYSWLWWAKWEKGKS 

PKYSLFELENGRKRMLASAGELOKGNEL 
KLKSWKELLGITI 431. 
PSKYWNFLYLAS 

KPIREOAENIIHLF s 
DATLIHOSITGLYETRIDLSQLGGD 

DPKKYGGFYSPTWAYSWLWWAKWEKGKS 

PKYSLFELENGRKRMLASAGELOKGNEL 
KLKSWKELLGITI 432. 
PSKYWNFLYLAS 

KPIREOAENIIHLF 
DATLIHOSITGLYETRIDLSQLGGD 

DPKKYGGFNSPTWAYSWLWWAKWEKGK 

PKYSLFELENGRKRMLASAGELOKGNEL 
KLKSWKELLGITI 433. 
PSKYWNFLYLAS 

KPIREOAENIIHLF 
DATLIHOSITGLYETRIDLSQLGGD 

DPKKYGGFYSPTWAYSWLWWAKWEKGKSKKLKSWKELLGITI 434. 

PKYSLFELENGRKRMLASAGELOKGNELALPSKYWNFLYLAS 

DATLIHOSITGLYETRIDLSQLGGD 

DPKKYGGFNSPTWAYSWLWWAKWEKGKSKKLKSWKELLGITI 435. 

PKYSLFELENGRKRMLASAGELORGNELALPSKYWNFLYLAS 

DATLIHOSITGLYETRIDLSQLGGD 
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TABLE 3 - continued 

KTEVOTGGFSKESILPKGNSD 
MERSSFEKNPIDFILEAKGYKEWKKDLIIKLPKYSLFELENGRKRMLASAGE 

HYEKLKGSPEDNEOKOLFVEOHKHYLDEIIEOISEFSKRVILADANL 
TLTNLGAPAAFKYFDTTIDRKTYRSTKEWLDATLIHOSITGLYETRI 

KLIARKKDWDPKKYGGFNSPTWAYSWLWWA 

DLSQ 

KTEVOTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVA 
MERSSFEKNPIDFILEAKGYKEWKKDLMIKLPKYSLFELENGRKRMLASARE 

SHYEKLKGSPEDNEOKOLFVEOHKHYLDEIIEOISEFSKRVILADANLDKW 
LFTLTNLGAPAAFKYFDTTIDRKTYRSTKEWLDATLIHOSITGLYET 

KTEVOTGGFSKESILP KLIARKKDWDPKKYGG 
MERSSFEKNPIDFILEAKGYKEIKKDLIIKLPKYSLFE 

YEKLKGSPEDNEOKOLFVEOHKHYLDEIIEOISEFSKRVILADVNLD 
TNLGAPAAFKYFDTTI YRSTKEWLDATLIHOSITGLYETRID 

KRNSD FNSPTWAYSWLWWA 
ENGRKRMLASAGE 

KTEVOTGGFSKESIHPKRNSD 
MERSSFEKNPIDFILEAKGYKEWKKDLIIKLPKYSLFELENGRKRMLASARE 

HYEKLKGSPEDNEOKOLFVEOHKHYLDEIIEOISEFSKRVILADANL 
TLTNLGAPAAFKYFDTTIDRKTYRSTKEWLDATLIHOSITGLYETRI 

KLIARKKDWDPKKYGGFDSPTWAYSWLWWA 

DLSQ 

Example 2 

Engineering the PAM Specificity of Staphylococcus 
aureus Cas9 

0142. Because we knew what residues of Streptococcus 
pyogenes Cas9 (SpCas9) were important for PAM recogni 
tion (R1333 and R1335), we generated an alignment of Cas9 
orthologues to look for homologous residues in the PAM 
interacting domain (PI domain) of Staphylococcus aureus 
Cas9 (SaCas9) (see FIG. 6). We and others have previously 
shown that the PAM of SaCas9 is NNGRRT (SEQ ID 
NO:46) (where N is any nucleotide, and R is an A or G). The 
preference for a G at the 3' position of the PAM appeared 
to be the most strict requirement based on our data, So we 
hypothesized that positively charged residues like lysine (K) 
or arginine (R) might be mediating that interaction. As 
shown in FIG. 6, there are a number of candidate residues in 
SaCas9 in the homologous region to R1333 and R1335 of 
SpCas9, including K1101, R1012, R1015, K1018, and 
K1023. 

0143 We generated alanine (A) and glutamine (Q) sub 
stitutions at these five positions to determine if the mutant 
clones could still cleave a site containing the canonical 
NNGRRT PAM (SEQ ID NO:46), or possibly cleave the 
previously non-targetable PAM of NNARRT (SEQ ID 
NO:43) (FIG. 7). We utilized our bacterial assay (described 
in the previous patent application), where activity of Cas9 
can be visualized by survival of bacterial colonies when 
plated under a selective condition. The relative activity of 
Cas9 can be quantified by calculating the ratio of bacterial 
colonies growing on the selective versus the non-selective 
media. In FIG. 7, we show that only the R1015A and 
R1015Q mutations affect the ability of SaCas'9 to recognize 
a canonical NNGAGT (SEQ ID NO:5) PAM, while no 
mutations enable targeting of NNARRT (SEQ ID NO:43) 
PAMs (NNAAGT (SEQ ID NO:41) or NNAGGT (SEQ ID 
NO:42)). These results suggested to us that R1015 plays a 
role in PAM recognition by SaCas'9. 
0144. We then selected randomly mutagenized either 
wild-type SaCas9, or the R1015Q variant and selected for 
altered PAM specificity clones against sites containing 
NNAAGT (SEQ ID NO:41) or NNAGGT (SEQ ID NO:42) 
PAMs (as previously described for SpCas9). We identified, 
re-screened, and sequenced a number of mutant clones that 
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SEQ ID 
NO: 

KSKKLKSWKELLGITI 
ALPSKYWNFLYLAS 

KPIREQAENIIHLF 

Of . 

KSKKLKSWKDLLGITI 508. 

KHRDKPIREOAENIVH 

KSKKLKSWKELLGITI 5 O9. 

RDKPIREOAENIIHLFT 

KSKKLKSWKELLGITI 
ALPSKYWNFLYLAS 

RDKPIREQAENIIHLF 

51O. 

could target these PAMs, with their amino acid sequences 
shown in FIG. 8 (and Table 6). In summary of these 
sequences, a number of changes appear to be very important 
for altering SaCas9 specificity (R1015Q, R1015H, E782K), 
while many other mutations may also contribute (N968K, 
E735K, K929R, A1021T, K1044N). 
0145 After identifying the positions and mutations 
essential for altering the PAM specificity of SaCas9 to 
NNARRT (SEQ ID NO:43), we assessed the contributions 
of the most abundant mutations to the specificity change by 
making single, double, and triple mutants combinations 
(Table 5). When testing these mutations against various 
PAMs in our positive selection (as previously described), we 
observed that a number of mutations allowed activity on 
both a canonical NNGAGT (SEQ ID NO:5) and non 
canonical NNAAGT (SEQ ID NO:41) or NNAGGT (SEQ 
ID NO:42) PAMs, whereas the wild-type SaCas9 enzyme 
had very low activity on the non-canonical PAMs. Specifi 
cally, it appeared as though the triple mutations enabled a 
relaxed specificity at the third position of the PAM (KKQ, 
KKH, GKQ, GKH named based on mutations to positions 
E782/N968/R1015), leading to a consensus PAM motif of 
NNRRRT (SEQ ID NO:45) versus the canonical NNGRRT 
(SEQ ID NO:46). This relaxation of the PAM requirement 
theoretically doubles the targeting range of SpCas9. Hence 
forth, variants will be named based on their identities at 
positions 782, 968, and 1015. For example, E782K/N968K/ 
R1015H would be named the SaCas'9 KKH variant. 

TABLE 5 

SaCass? mutant activity in the bacterial screen 

NNGAGT INNAAGT INNAGGT 

(SEQ ID (SEQ ID (SEQ ID 
mutation (s) NO; 5) NO: 41) NO: 42) 

E782 N? 968 R1015 % activity & activity & activity 

1 OO ... O 21. 4. 15.7 

Q O. O. 4.3 O. O. 

H 1 OO ... O 1OO ... O 57.1 
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TABLE 5- continued 

SaCass? mutant activity in the bacterial screen 

NNGAGT INNAAGT INNAGGT 

(SEQ ID (SEQ ID (SEQ ID 
mutation (s) NO; 5) NO: 41) NO: 42) 

E782 N? 968 R1015 % activity & activity & activity 

K 85.7 61. 4 57.1 

G 85.7 57.1 57.1 

K 1 OO ... O 57.1 57.1 

K Q 85.7 92.9 85.7 

K H 1 OO ... O 1 OO ... O 85.7 

G Q 71.4 85.7 71.4 

G H 1 OO ... O 85.7 85.7 

K Q 85.7 85.7 85.7 

K H 85.7 92.9 92.9 

K K 71.4 71.4 71.4 

G K 85.7 71.4 71.4 

K K Q 1 OO ... O 1 OO ... O 1OO ... O 

K K H 92.9 1 OO ... O 1OO ... O 

G K Q 92.9 92.9 1OO ... O 

G K H 1 OO ... O 1 OO ... O 1OO ... O 

0146 We next assessed two of the triple mutants in the 
human cell EGFP disruption assay (as previously described) 
to determine whether the engineered variants could target 
non-canonical PAMs in a human cell context (FIG. 9). 
Variants capable of targeting sites within the EGFP gene 
containing non-canonical PAMs will disrupt the EGFP cod 
ing frame, leading to loss of signal. The results revealed that 
both the KKQ and KKH mutants retained similar activity to 
wild-type SaCas9 on canonical NNGRRT (SEQ ID NO:46) 
PAMs, but had much higher activity on NNARRT (SEQ ID 
NO:43) PAMs. 
0147. Overall, we’ve identified mutations in SaCas9 
(KKQ or KKH variants) that appear to relax the preference 
of the wild-type enzyme at the third position of the PAM 
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from a G to an R (A or G). This effectively relaxes the 
targeting of SaCas9 from an NNGRRT (SEQ ID NO:46) 
PAM constraint to an NNRRRT (SEQ ID NO:45) PAM. 
0148 Because we had successfully derived variants that 
could target NNARRT (SEQ ID NO:43) PAMs in human 
cells, we next asked the question of whether we could 
engineer variants with specificity for NNCRRT (SEQ ID 
NO:47) or NNTRRT (SEQ ID NO:48). To do so, we first 
mutated R1015 to E (in the case of specifying a C at the 3" 
position of the PAM) and to L or M (in the case of specifying 
a T at the 3' position of the PAM), and tested these against 
their expected PAMs in our bacterial positive selection assay 
(previously described) (FIG. 10). We observed that wild 
type SaCas9 could inefficiently cleave a site containing an 
NNCAGT (SEQID NO:511) PAM, that an R1015E variant 
had slightly better activity on the same site, and that wild 
type or any of the other directed mutations did not convey 
activity against other PAMs (FIG. 10). This suggested that as 
we saw with R1015Q, other mutations would be necessary 
to engineer SaCas9 variants that could target NNCRRT 
(SEQ ID NO:47) and NNTRRT (SEQ ID NO:48) PAMs. 
0149 For the SaCas9 evolved variants against NNARRT 
(SEQ ID NO:43) PAMs, the E782K and N968K mutations 
were necessary and essential along with the R1015(H/O). To 
test whether these mutations would increase the activity of 
the R1015(E/L/M) variants against their expected PAM, we 
generated the KKE. KKL, and KKM variants. As shown in 
FIG. 11, the KKE. KKL, and KKM all had robust activity 
against their expected PAMs. 
(O150 We were also curious as to whether the KKQ, 
KKH. KKE. KKL, or KKM variants had relaxed specificity 
against any nucleotide at the 3' position of the PAM, so we 
interrogated a number of sites in our bacterial positive 
selection assay containing NNNRRT PAMs. As shown in 
FIG. 11, with a few exceptions nearly all of these variants 
can cleave all sites tested that contain NNNRRT PAMs. This 
indicated that they had a relaxed specificity at the 3" 
position of the PAM as they can efficiently target NNNRRT 
sites. This is in contrast to the wild-type protein (ENR) that 
can only efficiently target the NNGAGT (SEQ ID NO:5) 
site, with very low activity on a few NNNRRT sites. In 
summary, the KKH (and other similar derivatives shown in 
FIG. 11) variant can target sites containing NNNRRT PAMs 
in bacteria, effectively quadrupling the targeting range of 
SaCaS9. 
0151. Thus, the KKH variant (and some of the other 
variants in FIG. 6) can target NNNRRT PAMs in bacteria, 
effectively quadrupling the targeting range of SaCas9. 

TABLE 6 

SEO ID 
residues A652- G1053 of SaCase NO: 

Wild Type SaCase 

ATRGLMNLLRSYFRVNNLDWKWKSINGGFTSFLRRKWKFKKERNKGYKHHAEDALIIAN Aa 

ADFIFKEWKKLDKAKKVMENOMFEEKOAESMPEIETEOEYKEIFITPHOIKHIKDFKDYK 652 
YSHRWDKKPNRELINDTLYSTRKDDKGNTLIWNNLNGLYDKDNDKLKKLINKSPEKLLMY 1053 of 

HHDPOTYOKLKLIMEOYGDEKNPLYKYYEETGNYLTKYSKKDNGPVIKKIKYYGNKLNA SEO ID 
HLIDITDDYPNSRNKWWKLSLKPYRFDWYLDNGWYKFWTWKNLDWIKKENYYEWNSKCYEE NO: 2. 

AKKLKKISNOAEFIASFYNNDLIKINGELYRVIGVNNDLLNRIEVNMIDITYREYLENMND 

KRPPRIIKTIASKTOSIKKYSTDILGNLYEVKSKKHPOIIKKG 
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0156 Positive selection plasmids were assembled by 
ligating oligonucleotide duplexes encoding target sites into 
XbarSphI-digested p11-lacY-wtx1 (Chen, Z. & Zhao, H. A 
highly sensitive selection method for directed evolution of 
homing endonucleases. Nucleic Acids Res 33, e154 (2005)). 
For the site-depletion experiments, two separate libraries 
containing different spacer sequences were generated. For 
each library, an oligonucleotide containing 8 randomized 
nucleotides adjacent to the spacer sequence (in place of the 
PAM) was complexed with a bottom strand primer and filled 
in using Klenow(-exo) (refer to Table 11). The resulting 
product was digested with EcoRI and ligated into EcoRI/ 
SphI-digested p11-lacY-wtx1. Estimated complexities of the 
two site-depletion libraries were greater than 4x10° clones. 
0157 For human cell experiments, human codon-opti 
mized wild-type and variant SaCas9s were expressed from 
a plasmid containing a CAG promoter (Table 12). SgRNA 
expression plasmids (containing a U6 promoter) were gen 
erated by ligating oligonucleotide duplexes encoding the 
spacer sequence into BSmBI digested VVT1 (See Examples 
1-2 or BPK2660 (containing the full length 120 nt crRNA: 
tracrRNA sgRNA or a 84 nt shortened repeat:anti-repeat 
version, respectively). All sgRNAs used in this study for 
human expression included one guanine at the 5' end of the 
spacer to ensure proper expression from the U6 promoter, 
and also used a shortened sgRNA (FIG. 37A-B) similar to 
that previously described (Ran, F. A. et al. In vivo genome 
editing using Staphylococcus aureus Cas9. Nature 520, 
186-191 (2015)). 

Bioinformatic Analysis of Cas9 Orthologue Sequences 

0158 Similar to alignments performed in previous stud 
ies (Fonfara, I. et al. Phylogeny of Cas9 determines func 
tional exchangeability of dual-RNA and Cas9 among 
orthologous type II CRISPR-Cas systems. Nucleic Acids 
Res 42, 2577-2590 (2014); Ran, F. A. et al. In vivo genome 
editing using Staphylococcus aureus Cas9. Nature 520, 
186-191 (2015); Anders, C., Niewoehner, O. Duerst, A. & 
Jinek, M. Structural basis of PAM-dependent target DNA 
recognition by the Cas9 endonuclease. Nature 513, 569-573 
(2014)). Cas9 orthologues similar to both SpCas9 and 
SaCas9 were aligned using ClustalW2 (ebi.ac.uk/Tools/msa/ 
clustalw2/). The resulting phylogenetic tree and protein 
alignment were visualized using Geneious version 8.1.6 and 
ESPript (espriptibcp.fr/ESPript/ESPript/). 

Bacterial-Based Positive Selection Assay 

0159. The bacterial positive selection assays were per 
formed as previously described (See Examples 1-2). Briefly, 
Cas9/sgRNA plasmids were transformed into E. coli 
BW25141 (DE3) (Kleinstiver et al., Nucleic Acids Res 38, 
2411-2427 (2010)) containing a positive selection plasmid. 
Transformations were plated on both non-selective 
(chloramphenicol) and selective (chloramphenicol--10 mM 
arabinose) conditions. Cas9 cleavage of the selection plas 
mid was estimated by calculating the percent Survival: (# of 
colonies on selective plates/# of colonies on non-selective 
plates)x100. To select for SaCas'9 variants capable of rec 
ognizing alternative PAMs, the wild-type and R1015Q 
libraries with mutagenized PI domains were transformed 
into competent E. coli BW25141 (ODE3) containing positive 
selection plasmids with NNAAGT (SEQ ID NO:41), 
NNAGGT (SEQ ID NO:42), NNCAGT (SEQ ID NO:511), 
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NNCGGT (SEQID NO:512), NNTAGT (SEQID NO:513), 
or NNTGGT (SEQ ID NO:514) PAMs. Approximately 
1x10 clones were screened by plating on selective condi 
tions, and Surviving colonies containing SaCas9 variants 
presumed to cleave the selection plasmid were mini-prepped 
(MGH DNA Core). All variants were re-screened individu 
ally in the positive selection assay, and those with greater 
than ~20% survival were sequenced to determine the muta 
tions required for recognition of the alternate PAM. 

Bacterial-Based Site-Depletion Assay 
0160 The site-depletion experiments were performed as 
previously described (See Examples 1-2). Briefly, the ran 
domized PAM libraries were electroporated into competent 
E. coli BW25141 (ODE3) containing either wild-type, cata 
lytically inactive (D10A/H557A), or KKH variant SaCas9/ 
sgRNA plasmids. Greater than 1x10 colonies were plated 
on chloramphenicol/carbenicillin plates, and selection plas 
mids with PAMs resistant to Cas9 targeting contained within 
the Surviving colonies were isolated by maxiprep (Qiagen). 
The region of the plasmid containing the spacer sequence 
and PAM was PCR-amplified using the primers listed in 
Table 11. The KAPA HTP library preparation kit (KAPA 
BioSystems) was used to generate a dual-indexed Tru-seq 
Illumina sequencing library using ~500 ng purified PCR 
product from each site-depletion condition prior to an Illu 
mina MiSeq high-throughput sequencing run at the Dana 
Farber Cancer Institute Molecular Biology Core. The data 
from the site-depletion experiments was analyzed as previ 
ously described (See Examples 1-2), with the exception that 
the Script was modified to analyze 8 randomized nucleo 
tides. Cas9 ability to recognize PAMs was determined by 
calculating the post-selection PAM depletion value (PPDV) 
of any given PAM: the ratio of the post-selection frequency 
of that PAM to the pre-selection library frequency. A control 
experiment using catalytically inactive SaCas9 was used to 
establish that a PPDV of 0.794 represents statistically sig 
nificant depletion relative to the input library. 

Human Cell Culture and Transfection 

(0161 U2OS cells obtained from our collaborator T. Cath 
omen (Freiburg) and U20S.EGFP cells harboring a single 
integrated copy of an EGFP-PEST reporter gene (Reyon, D. 
et al. FLASH assembly of TALENs for high-throughput 
genome editing. Nat Biotechnol 30, 460-465 (2012)) were 
cultured in Advanced DMEM medium (Life Technologies) 
with 10% FBS, penicillin/streptomycin, and 2 mM Gluta 
MAX (Life Technologies) at 37° C. with 5% CO. Cell line 
identities were validated by STR profiling (ATCC) and deep 
sequencing, and cells were tested bi-weekly for mycoplasma 
contamination. U20S.EGFP culture medium was addition 
ally supplemented with 400 ug/mL G418. Cells were co 
transfected with 750 ng Cas9 plasmid and 250 ng sgRNA 
plasmid using the DN-100 program of a Lonza 4D-nucleo 
fector following the manufacturers instructions. 

Human Cell EGFP Disruption Assay 
0162 EGFP disruption experiments were performed as 
previously described (Fu, Y. et al. High-frequency off-target 
mutagenesis induced by CRISPR-Cas nucleases in human 
cells. Nat Biotechnol 31, 822-826 (2013); Reyon, D. et al. 
FLASH assembly of TALENs for high-throughput genome 
editing. Nat Biotechnol 30, 460-465 (2012)). Approximately 
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52 hours post-transfection, a Fortessa flow cytometer (BD 
Biosciences) was used to measure EGFP fluorescence in 
transfected U2OS.EGFP cells. Negative control transfec 
tions of Cas9 and empty U6 promoter plasmids were used to 
establish background EGFP loss at ~2.5% for all experi 
ments (represented as a red dashed lined in FIGs). 

T7E1 Assay 
0163 T7E1 assays were performed as previously 
described (Reyon, D. et al. FLASH assembly of TALENs for 
high-throughput genome editing. Nat Biotechnol 30, 460 
465 (2012)) to quantify Cas9-induced mutagenesis at endog 
enous loci in human cells. Approximately 72 hours post 
transfection, genomic DNA was isolated using the 
Agencourt DNAdvance Genomic DNA Isolation Kit (Beck 
man Coulter Genomics). Target loci were PCR-amplified 
from ~100 ng of genomic DNA using the primers listed in 
Table 11. Following an Agencourt Ampure XP clean-up step 
(Beckman Coulter Genomics), -200 ng purified PCR prod 
uct was denatured and hybridized prior to digestion with 
T7E1 (New England Biolabs). Following a second clean-up 
step, mutagenesis frequencies were quantified using a Qiax 
cel capillary electrophoresis instrument (Qiagen). 

GUIDE-Seq Experiments 
0164 GUIDE-seq experiments were performed and ana 
lyzed as previously described (Tsai, S. Q. et al. GUIDE-seq 

SEQ ID 
Name NO: Description 

Oct. 27, 2016 

enables genome-wide profiling of off-target cleavage by 
CRISPR-Cas nucleases. Nat Biotechnol 33, 187-197 
(2015)). Briefly, U2OS cells were transfected as described 
above with Cas9 and sgRNA plasmids, as well as 100 pmol 
of a phosphorylated, phosphorothioate-modified double 
stranded oligodeoxynucleotide (dsODN) with an embedded 
Ndel site. Restriction fragment length polymorphism 
(RFLP) analyses were performed to determine frequency of 
dsODN-tag integration frequencies (See Examples 1-2; 
Tsai, S. Q. et al. GUIDE-seq enables genome-wide profiling 
of off-target cleavage by CRISPR-Cas nucleases. Nat Bio 
technol 33, 187-197 (2015)), and T7E1 assays were per 
formed to quantify on-target Cas9 mutagenesis frequencies. 
dsODN tag-specific amplification and library preparation 
(Tsai, S. Q. et al. GUIDE-seq enables genome-wide profiling 
of off-target cleavage by CRISPR-Cas nucleases. Nat Bio 
technol 33, 187-197 (2015)) was performed prior to high 
throughput sequencing using an Illumina MiSeq Sequencer. 
When mapping potential off-target sites, the cut-off for 
alignment to the on-target spacer sequence was set at 8 
mismatches for 21 nucleotide spacers, 9 mismatches for 22 
nucleotide spacers, and 10 mismatches for 23 nucleotide 
spacers. Off-target sites with potential DNA- or RNA-bulges 
(Lin, Y. et al. CRISPR/Cas9 systems have off-target activity 
with insertions or deletions between target DNA and guide 
RNA sequences. Nucleic Acids Res 42, 7473-7485 (2014)) 
were identified by manual alignment. 

TABLE 10 

Plasmids used in Example 3 

BPK2101 10 T7-humanSaCas9-NLS-3xFLAG-T7-BsaIcassette-Sa-sgRNA(120) Addgene ID: 65770 

MSP2283 

T7 promoters at 1-17 and 3418-3434, human codon optimized S. aureus Cas9 at 88-3352, 
NLS at 3256-3276, 3xFLAG tag at 3283-3348, Bsal sites at 3437-3442 and 3485-3490, 
gRNA at 3492-3616, T7 terminator at 3627-2674 of SEQ ID NO: 10. 

21 T7-humanSaCas9-NLS-3xFLAG-T7-site1-Sa-sgRNA(84) 

MSP2262 

MSP2253 

MSP2266 

MSP2279 

MSP2292 

22 

23 

24 

25 

26 

T7 promoters at nts 1-17 and 3418-3434, human codon optimized S. aureus Cas9 at 88-3351, 
NLS at 3256-3276, 3xFLAG tag at 3243-33348, site 1 spacer at 3435-3455, 
sgRNA(84) at 3456-3539, T7 terminator at 3562-3609 of SEQ ID NO: 21 
T7-humansadcas9(D10A, H557A)-NLS-3xFLAG-T7-site1-Sa-sgRNA(84) 
T7 promoters at nts 1-17 and 3418-3434, human codon optimized S. aureus Cas9 at 88-3351, 
modified codons at 118-120 and 1759-1761, NLS at 3256-3276, 3xFLAG tag at 
3243-33348, site 1 spacer at 3435-3455, sgRNA(84) at 3456-3539, T7 terminator at 
3562-3609 of SEQ ID NO: 22 
T7-humansaCas9(E782K, N968K, R1015H)-NLS-3xFLAG-T7-site1-Sa-sgRNA(84) 
T7 promoters at nts 1-17 and 3418-3434, human codon optimized S. aureus Cas9 at 88-3351, 
modified codons at 2434-2436, 2992-2994, and 3133-3135, NLS at 3256-3276, 
3xFLAG tag at 3243-33348, site 1 spacer at 3435-3455, sgRNA(84) at 3456-3539, T7 
terminator at 3562-3609 of SEQ ID NO: 23 
T7-humanSaCas9-NLS-3xFLAG-T7-site2-Sa-sgRNA(84) 
T7 promoters at 1-17 and 3419-3434, human codon optimized S. aureus Cas9 at 88-3351, 
NLS at 3256-3276, 3xFLAG tag at 3283-3348, site 2 spacer at 3435-3455, 
sgRNA(84) at 3456-3539, T7 terminator at 3562-3609 of SEQ ID NO: 24 
T7-humansadcas9(D10A, H557A)-NLS-3xFLAG-T7-site2-Sa-sgRNA(84) 
T7 promoters at 1-17 and 3419-3434, human codon optimized S. aureus Cas9 at 88-3351, 
modified codons at 118-120 and 1759-1761, NLS at 3256-3276, 3xFLAG tag at 
3283-3348, site 2 spacer at 3435-3455, sgRNA(84) at 3456-3539, T7 terminator at 
3562-3609 of SEQ ID NO: 25 
T7-humansaCas9(E782K, N968K, R1015H)-NLS-3xFLAG-T7-site2-Sa-sgRNA(84) 
T7 promoters at 1-17 and 3419-3434, human codon optimized S. aureus Cas9 at 88-3351, 
modified codons at 2434-2436, 2992-2994, and 3133-3135, NLS at 3256-3276, 
3xFLAG tag at 3283-3348, site 2 spacer at 3435-3455, sgRNA(84) at 3456-3539, T7 
terminator at 3562-3609 of SEQ ID NO: 26 
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Name 

p11-lacY 
witx1 

BPK2139 

MSP1830 

BPK2660 

Oligonucleotides used in Example 3 

Sequence 

ctagagGGtCGGGcGGGaGGGTCGCCCTCGAACTT 
CACCTtgGAGTg catg 

cACTCCaAGGTGAAGTTCGAGGGCGACCCtCCCd 
CCCaCCCt 

42 

TABLE 10-continued 

Plasmids used in Example 3 

SEQ ID 
NO: Description 

– BAD-ccDB-Amp'-AraC-lacY(A177C) (Chen et al., 2005) 

17 CAG-humansaCas9-NLS-3xFLAG Addgene ID: 65776 

of SEQ ID NO: 17. 
Human codon optimized S. aureus Cas9 1-3195, NLS 3169-3189, 3xFLAG tag 3196-3261 

27 CAG-humansaCas9(E782K, N968K, R1015H)-NLS-3xFLAG (KKH variant) 

20 U6-BsmBIcassette-Sa-sgRNA(120) Addgene ID: 65779 

erminator 459-466 of SEQ ID NO: 20. 
28 U6-BsmBIcassette-Sa-sgRNA(84) 

erminator 424–430 of SEQ ID NO: 28. 

TABL E 11 

Description 

Human codon optimized S. aureus Cas9 1-3264, NLS 3169-3189, modified codons at 
2347-2349, 2905-2907, and 3046-3048, 3xFLAG tag 3196-3261 of SEQ ID NO: 27 

U6 promoter 1-318, BSmBI sites at 320-325 and 333-338, S. aureus gRNA340-466, U6 

U6 promoter 1-318, BSmBI sites at 320-325 and 333-338, S. aureus gRNA340-423, U6 

Oligos used to generate positive selection plasmids 

top oligo to clone site 2 with an NNGAGT 
(SEQ ID NO: 5) PAM into the positive selection 
vector (Xibal/SphI cut p11-lacy-wtx1) 

Selection vector 

Oligos used to generate libraries for site-depletion experiments 

bottom oligo to clone site 2 into the positive 

GCAGgaattcGGGAGGGGCACGGGCAGCTTGCCG top strand oligo for site 1 PAM library, 
GNNNNNNNNCTNNNGCGCAGGTCACGAGGCATG With EcoRI once filled in 
GCAGgaattcGGAGGGTCGCCCTCGAACTTCACC top strand oligo for site 2 PAM library, 
TNNNNNNNNCTNNNGCGCAGGTCACGAGGCATG 

/5Phos/CCTCGTGACCTGCGC 

GATACCGCTCGCCGCAGC 
CTGCGTTCTGATTTAATCTGTATCAGGC 

GGAGCAGCTGGTCAGAGGGG 

CCATAGGGAAGGGGGACACTGG 

GGGCCGGGAAAGAGTTGCTG 

GCCC TACATCTGCTCTCCC, TCC 

CCAGCACAACTTACTCGCACTTGAC 

CATCACCAACCCACAGCCAAGG 

TCCAGATGGCACATTGTCAG forward primer targeted 
human cells 

AGGGAGCAGGAAAGTGAGGT reverse primer targeted 

With EcoRI once filled in 
reverse primer to fill in library oligos 

Primers used to amplify site-depletion libraries for sequencing 

forward primer 
reverse primer 

Primers used for T7E1 and RFLP experiments 

human cells 

human cells 

human cells 

human cells 

human cells 

human cells 

human cells 

reverse primer targeted 

forward primer targeted 

reverse primer targeted 

forward primer targeted 

reverse primer targeted 

to 

to 

to 

to 

to 

to 

to 

forward primer targeted to EMX1 in U2OS 

EMX1 in U2OS 

FANCF in U2OS 

FANCF in U2OS 

RUNX1 in U2OS 

RUNX1 in U2OS 

WEGFA in U2OS 

WEGFA in U2OS 

Cult 

Cult 

SEQ 
ID 
NO : 

515 

516 

17 

518 

2OO 

209 

21 O 

211 

212 

213 

214 

652 

653 
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12- Continued 

sgRNA target sites for Example 3 

RUNX1. 

Spacer 
length 

Prep Name Name (nt) Spacer Sequence 

SP2.192 RUNX1. 1 23 GTCTGAAGCCATCGCTTCCTCCT 
SP21.93 RUNX1. 2 21 GGTTTTCGCTCCGAAGGTAAA 
SP21.95 RUNX1 3 21 GGGACTCCCCAAGCCCTATTA 
SP2235 RUNX1. 4. 22 GCAGCTTGTTTCACCTCGGTGC 
SP21.94 RUNX1 5 22 GACC TOTCTTGGTTTTCGCTCC 
SP2216 RUNX1 6 23 GCTTCCATCTGATTAGTAAGTAA 
SP2214 RUNX1 f 22 GTGCAGAGATGCCTCGGTGCCT 
SP2211 RUNX1. 8 21 GAGGGTGCATTTTCAGGAGGA 
SP2217 RUNX1. 9 23 GTTTCACCTCGGTGCAGAGATGC 
SP2176 RUNX 22 GCGATGGCTTCAGACAGCATAT 

1O 
SP2177 RUNX 22 GCTCCGAAGGTAAAAGAAATCA 

11 
SP2334 RUNX 22 GAGGCATATGATTACAAGTCTA 

12 
SP2175 k k RUNX 21 GAAAGAGAGATGTAGGGCTAG 

13 
SP2178 k k RUNX 23 GTACT CACCTCTCATGAAGCACT 

14 
SP2210 RUNX 21 GAGGTGAGTACATGCTGGTCT 

15 
SP2213 RUNX 22 GAGAGGAATTCAAACTGAGGCA 

16 
SP2212 RUNX 21 GAGGCTGAAACAGTGACCTGT 

17 

WEGFA 

Spacer 
length 

Prep Name Name (nt) Spacer Sequence 

MSP21.96 WEGFA 1 21 GTACATGAAGCAACTCCAGTC 
MSP21.98 WEGFA 2 21 GACGGGTGGGGAGAGGGACAC 
MSP2197 WEGFA 3 22 GTCCCAAATATGTAGCTGTTTG 
MSP2219 WEGFA 4 21 GGCCAGGGGTCACTCCAGGAT 
MSP2220 WEGFA 5 22 GCCAGAGCCGGGGTGTGCAGAC 
MSP2181 WEGFA 6 22 GAGGACGTGTGTGTCTGTGTGG 
MSP233 6. WEGFA 7 22 GGGAGAAGGCCAGGGGTCACTC 
MSP2179 k k WEGFA 8 21 GGGTGAGTGAGTGTGTGCGTG 
MSP218O WEGFA 9 22 GAGTGAGGACGTGTGTGTCTGT 
MSP2182 WEGFA 22 GCGTTGGAGCGGGGAGAAGGCC 

1O 
MSP2218 WEGFA 21 GCTCCATTCACCCAGCTTCCC 

11 

Used in FIGS. 1C and 1E, FIG. 32 
** Used for GUIDE- seg experiments in FIG. 3, FIGS. 36A-B 

Example 3 

Engineering the PAM Specificity of Staphylococcus 
aureus Cas9 

(0165 Site-specific DNA cleavage by CRISPR-Cas9 
nucleases is primarily guided by RNA-DNA interactions, 
but also requires Cas9-mediated recognition of a protospacer 
adjacent motif (PAM). Although the commonly used Strep 
tococcus pyogenes Cas9 specifies only two nucleotides 
within its NGG PAM, other Cas9 orthologues with desirable 
properties recognize longer PAMs. While potentially advan 
tageous from the perspective of specificity, extended PAM 
sequences can limit the targeting range of Cas9 orthologues 
for genome editing applications. One possible strategy to 
broaden the range of sequences targetable by Such Cas9 
orthologues might be to evolve variants with relaxed speci 

Sequence with PAM 

94. GTCTGAAGCCATCGCTTCCTCCTGAAAAT 595. 
596. GGTTTTCGCTCCGAAGGTAAAAGAAAT 97. 
598. GGGACTCCCCAAGCCCTATTAAAAAAT 5.99. 
6 OO GCAGCTTGTTTCACCTCGGTGCAGAGAT 6O1. 
6O2. GACCTGTCTTGGTTTTCGCTCCGAAGGT 6 O3. 
6O4. GCTTCCATCTGATTAGTAAGTAATCCAAT 605. 
606. GTGCAGAGATGCCTCGGTGCCTGCCAGT 6O7. 
608. GAGGGTGCATTTTCAGGAGGAAGCGAT 6 O9. 
61O. GTTTCACCTCGGTGCAGAGATGCCTCGGT 611. 
612. GCGATGGCTTCAGACAGCATATTTGAGT 613. 

614. GCTCCGAAGGTAAAAGAAATCATTGAGT 615. 

616 GAGGCATATGATTACAAGTCTATTGGAT 617. 

618. GAAAGAGAGATGTAGGGCTAGAGGGGT 619. 

620 GTACT CACCTCTCATGAAGCACTGTGGGT 621. 

622 GAGGTGAGTACATGCTGGTCTTGTAAT 623. 

624. GAGAGGAATTCAAACTGAGGCATATGAT 625. 

626. GAGGCTGAAACAGTGACCTGTCTTGGT 627. 

Sequence with PAM 

628 GTACATGAAGCAACTCCAGTCCCAAAT 629. 
63 O. GACGGGTGGGGAGAGGGACACACAGAT 631. 
632. GTCCCAAATATGTAGCTGTTTGGGAGGT 633 . 
634. GGCCAGGGGTCACTCCAGGATTCCAAT 635. 
636. GCCAGAGCCGGGGTGTGCAGACGGCAGT 637. 
638. GAGGACGTGTGTGTCTGTGTGGGTGAGT 639. 
64 O. GGGAGAAGGCCAGGGGTCACTCCAGGAT 641. 
642. GGGTGAGTGAGTGTGTGCGTGTGGGGT 643. 
644. GAGTGAGGACGTGTGTGTCTGTGTGGGT 645. 
646. GCGTTGGAGCGGGGAGAAGGCCAGGGGT 647. 

648. GCTCCATTCACCCAGCTTCCCTGTGGT 649. 

ficity for certain positions within the PAM. Here we used 
molecular evolution to modify the NNGRRT (SEQ ID 
NO:46) PAM specificity of Staphylococcus aureus Cas9 
(SaCas'9), a smaller size orthologue that is useful for appli 
cations requiring viral delivery. One variant we identified, 
referred to as KKH SaCas'9, shows robust genome editing 
activities at endogenous human target sites with NNNRRT 
PAMs. Importantly, using the GUIDE-seq method, we 
showed that both wild-type and KKH SaCas9 induce com 
parable numbers of off-target effects in human cells. KKH 
SaCas9 increased the targeting range of SaCas9 by nearly 
two- to four-fold, enabling targeting of sequences that 
cannot be altered with the wild-type nuclease. More gener 
ally, these results demonstrate the feasibility of relaxing 
PAM specificity to broaden the targeting range of Cas9 
orthologues. Our molecular evolution strategy does not 












